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THE EFFECTS OF LEADING-EDGE SERRATIONS ON 
REDUCING FLOW UNSTEADINESS ABOUT AIRFOILS - 
AN EXPERIMENTAL AND ANALYTICAL INVESTIGATION 

By R.  G .  Schwind and H.  J. Allen" 
Nielsen Engineer ing & Research, Inc .  

i 

c 

SUMMARY 

The purpose of t h e  p r e s e n t  i n v e s t i g a t i o n  has  been t o  s tudy  t h e  s u r f a c e  
flow on an a i r f o i l ,  w i t h  and wi thout  serrated edges ,  and t o  a t t empt  explana- 
t i o n s  of t h e  f low mechanisms involved i n  b o t h  cases. A 0.9144-meter (3- foot )  
chord by 1.524-meter (5- foot )  span r e c t a n g u l a r  wing w i t h  an NACA 63-009 
a i r f o i l  s e c t i o n  w a s  t e s t e d  i n  t h e  Ames Research Center  7- by 10-Foot 

Wind Tunnel No. 1 over  t h e  Reynolds number range 1 . 2 ~ 1 0 ~  t o  6 . 2 ~ 1 0 ~ .  The 
b a s i c  c o n f i g u r a t i o n  was-modif ied w i t h  t h e  a d d i t i o n  of s m a l l  s e r r a t e d  edges 
of  v a r i o u s  des ign  t o  t h e  p r e s s u r e  s i d e  o f  t h e  a i r f o i l  near  t h e  l ead ing  edge. 
I n  a d d i t i o n  t o  s tandard  wind-tunnel i n s t rumen ta t ion ,  s u r f a c e  f low v i s u a l -  
i z a t i o n  techniques  and high-frequency-response p r e s s u r e  t r a n s d u c e r s  which 
sensed s u r f a c e  p re s su re  f l u c t u a t i o n s  were used i n  t h e  tests. 

For t h e  basic a i r f o i l ,  s u r f a c e  f low v i s u a l i z a t i o n  showed a t w o -  
d imensional  laminar  bubble which moved forward toward t h e  l ead ing  edge wi th  
i n c r e a s i n g  ang le  of a t t a c k .  The s e r r a t e d  edges d i v i d e d  t h e  bubble i n t o  
segments of t h e  same width as t h e  s e r r a t i o n  t o o t h  spac ing .  A t h r e e -  
dimensional  s epa ra t ed  flow is  proposed t o  e x p l a i n  t h e  s t eady  bubble p a t t e r n  
which invo lves  t h e  i n t e r a c t i o n  o f  t r a i l i n g  vo r t ex  p a i r s  s t reaming from each" 
s e r r a t i o n  t o o t h  with t h e  boundary l a y e r .  

Y 

Under t h e  bubble t h e r e  is a l a r g e  peak i n  t h e  root-mean-square pres -  
s u r e  f l u c t u a t i o n  ve r sus  chordwise p o s i t i o n .  This  peak decays over  a d i s t a n c e  
of s e v e r a l  bubble l e n g t h s .  Frequency a n a l y s i s  of t h e  p r e s s u r e  f l u c t u a t i o n s  
show a high-frequency peak i n  t h e  s p e c t r a ,  t h e  i n t e n s i t y  of t h e  peak a lso 
decaying wi th  d i s t a n c e  from t h e  average  p o s i t i o n  of t h e  bubble.  This  
evidence i n d i c a t e s ,  it i s  be l i eved ,  t h a t  t h e  bubble i s  o s c i l l a t i n g  i n  s i z e  
and p o s i t i o n .  A quas i - s teady  hypothes is  i s  proposed t o  e x p l a i n  t h e  motion 
of t h e  two-dimensional bubble €o r  high Reynolds number f lows .  The m o s t  
e f f e c t i v e  serrated edge reduced t h e  l a r g e s t  peak i n t e n s i t y  of t h e  root-mean- 

Consul tan t  t o  Nielsen Engineer ing & Research, Inc .  * 



squa re  p r e s s u r e  c o e f f i c i e n t  from 0 . 4 1  to  0 .24  a t  
of a t t a c k  of 8O. 

cion of  t o o t h  spac ing  upon p res su re  f l u c t u a t i o n s .  

R e  = 1.75~10‘ and an  a n g l e  
For  t h e  s e r r a t e d  edges tested, t h e r e  w a s  a clear correla- 

I A l o w  Reynolds number f low v i s u a l i z a t i o n  experiment w a s  performed us ing  
a”6 .7-percent  t h i c k  h y d r o f o i l  towed through calm wate’r. 
v o r t e x  street  w a s  found t r a i l i n g  from t h e  rear of t h e  a i r f o i l ,  and t h i s  w a s  
d i r e c t l y  r e l a t e d  t o  t h e  laminar  bubble o s c i l l a t i o n s ,  which w e r e  of  t h e  same 
frequency. A t heo ry ,  which i s  i n  agreement wi th  experiment ,  is proposed f o r  
p r e d i c t i n g  t h e  frequency of t h i s  o s c i l l a t i o n  f o r  t h e  l o w  Reynolds number f low 

A von Karman 

case. I t  relates t h e  v o r t e x  shedding 
t h i c k n e s s  and upper and lower s u r f a c e  

1. INTRODUCTION 

I n  r e f e r e n c e  1, Hertel d i s c u s s e s  

f requency t o  t h e  a i r f o i l  t r a i l i n g  edge 
boundary-layer t h i cknesses .  

among o t h e r  t h i n g s ,  t h e  q u i e t  f l i g h t  
of o w l s .  H e  e x p l a i n s  t h a t  t h e  phenomenon is  due t o  ( a )  t h e  downy f e a t h e r s  
on o w l s ,  and (b) t h e  rake on t h e  l ead ing  edge of  t h e  f i r s t  (and sometimes 
t h e  f i r s t  two) f e a t h e r s  on t h e  o w l ’ s  wing, appa ren t ly  unique w i t h  t h e s e  
b i r d s .  The f i r s t  argument i s  r easonab le ,  b u t  t h e  second seemed a matter of 
c o n j e c t u r e  s i n c e  H e r t e l  p resented  no a c t u a l  ev idence  t o  suppor t  t h i s  conten-  

t i o n .  A t  t h e  sugges t ion  of one of t h e  a u t h o r s  ( H .  J. A.), M r .  Paul  Soderman 
of t h e  Ames Research Center  t e s t e d  s e r r a t e d  l e a d i n g  edges on a p r o p e l l e r  and 
on an a i r f o i l  f o r  changes i n  r a d i a t e d  n o i s e  and i n  l i f t - d r a g  c h a r a c t e r i s t i c s .  

The r e s u l t s  showed, indeed,  t h a t  a r a k e  on t h e  p r o p e l l e r  d i d  reduce t h e  radiated 
n o i s e ,  mainly by e l i m i n a t i n g  one pronounced tone  i n  t h e  energy spectrum 

. ( r e f .  2 ) .  Wind-tunnel tests showed a cons ide rab le  i n c r e a s e  i n  maximum l i f t  
( r e f .  3 ) .  These r e s u l t s  and o t h e r  r e s e a r c h  of  t h e  owl wing e f f e c t s  are 
reviewed i n  s e c t i o n  3 .  

b 

Following t h e s e  p re l imina ry  experiments ,  B o l t ,  Beranek & Newman, Inc . ,  

of Canoga P a r k ,  C a l i f o r n i a ,  under c o n t r a c t  t o  t h e  Ames Research Cen te r ,  
made f u r t h e r  d e f i n i t i v e  experiments  i n  t h e i r  a c o u s t i c  wind tunne l .  R e s u l t s  

of t h i s  i n v e s t i g a t i o n ,  r epor t ed  by Hersh and Hayden ( r e f .  4 ) ,  showed t h a t  
w i t h  a r a k e  of s u i t a b l e  dimension loca ted  close to  t h e  s t a g n a t i o n  p o i n t  on 
an  a i r f o i l  and on a p r o p e l l e r ,  d ramat ic  r e d u c t i o n s  i n  t h e  i n t e n s i t y  of  
emi t ted  n o i s e  were achieved ,  aga in  a t  p a r t i c u l a r  t ones  o f  t h e  spectrum. 
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Both of t h e  prev ious  tests invo lv ing  r a d i a t e d  n o i s e  measurements w e r e  
conducted a t  low Reynolds numbers where laminar  boundary l a y e r s  would be 
expected.  The p r e s e n t  i n v e s t i g a t i o n  has  been conducted a t  h ighe r  Reynolds 
numbers where a t u r b u l e n t  boundary l a y e r  w a s  t o  be expected on t h e  a f t  
s u r f a c e s  of  t h e  wing. I ts  purpose has  been t o  de termine  t h e  e f f e c t  of t h e  
s e r r a t i o n s  on t h e  f l u i d  f low a t  t h e  s u r f a c e  of  a wing and to  a t t empt  a n  
exp lana t ion  of t h e  mechanisms by which t h e  s e r r a t i o n s  modify t h e  f low over  
t h e  a i r f o i l  and t h u s ,  t h e  s t a l l  and a c o u s t i c  C h a r a c t e r i s t i c s  of  t h e  a i r -  
f o i l .  F o r  t h i s  purpose,  a wing w a s  des igned ,  ins t rumented ,  and tested i n  
t h e  Ames 7- by 10-Foot Wind Tunnel N o .  1. D a t a  have been ob ta ined  from 
high-frequency-response p r e s s u r e  t r a n s d u c e r s ,  s t a t i c  p r e s s u r e  t a p s ,  su r f ace -  
flow v i s u a l i z a t i o n ,  and t h e  l i f t  and d rag  determined from t h e  wind-tunnel 
scales t o  a i d  i n  d e f i n i n g  t h e  f low c h a r a c t e r i s t i c s .  Various serrated edge 
c o n f i g u r a t i o n s  and l o c a t i o n s  w e r e  used i n  an a t t empt  t o  opt imize  t h e  shape 
and l o c a t i o n  of a s e r r a t e d  l e a d i n g  edge. The a p p a r a t u s  and procedure  of  
these tes ts  are  presented  i n  s e c t i o n  4 and t h e  r e s u l t s  i n  s e c t i o n  5. 

T o  v i s u a l i z e  t h e  f low about  an  a i r f o i l ,  t h e  second a u t h o r  performed 
a n  o r i g i n a l l y  unplanned second experiment u s ing  water. These tests a re  
desc r ibed  i n  s e c t i o n  6 a long  wi th  a t h e o r e t i c a l  exp lana t ion  f o r  t h e  
unsteady f lows  near  a n  a i r f o i l  t h a t  l e d  t o  peaks i n  t h e  r a d i a t e d  n o i s e  i n  
prev ious  low-Reynolds-number flow experiments .  A boundary layer - laminar  
bubble i n t e r a c t i o n  i s  d e s c r i b e d  i n  s e c t i o n  7 t o  e x p l a i n  a mechanism for 

t h e  observed unsteady f lows  a t  h igh  Reynolds numbers. These two s e c t i o n s  
a r e  a condensa t ion  of  t h e  work r e p o r t e d  i n  r e f e r e n c e  5.  A c o n s t r u c t i o n  of 

t h e  f l o w  i n t e r a c t i o n  between t h e  s e r r a t e d  edges and s e p a r a t i o n  bubble  i s  
g iven  i n  s e c t i o n  8. 

The a s s i s t a n c e  of M r .  Richard D. Hanly, Aeronau t i ca l  S t r u c t u r e s  
Branch, i s  g r a t e f u l l y  acknowledged f o r  i n s t a l l a t i o n  and c a l i b r a t i o n  of 
t h e  p r e s s u r e  t r a n s d u c e r s  and t h e  a s s o c i a t e d  da ta  a c q u i s i t i o n  system. T h i s  

e f f o r t  w a s  e s s e n t i a l  t o  t h e  success  of  t h e  experiment .  

3 



2. SYMBOLS 

C 

C R  

P 
C 

cD 

cL 

d 

d '  

dB 

f 

GX 

h 

k 

P 

Pm 

9 

r 

R e  

1.e. 

RMS cp 

S 

S 

S" 

'a 

'c 

4 

chord,  meters ( f e e t )  

s e c t i o n  l i f t  c o e f f i c i e n t  

1 p r e s s u r e  c o e f f i c i e n t ,  ( p  - p m ) / z  PV; 

d r a g  c o e f f i c i e n t  

l i f t  c o e f f i c i e n t  

diameter  of  a c i r c u l a r  c y l i n d e r ,  meters ( f e e t )  

d i s t a n c e  between t h e  r o w s  o f  vor t ices  shed from t r a i l i n g  edge of 
a i r f o i l ,  meters ( f e e t )  

dec i be 1 

frequency,  Hz 

power s p e c t r a l  d e n s i t y  f u n c t i o n  (see Appendix) 

maximum disp lacement  t h i c k n e s s  of a s e p a r a t i o n  bubble 

c o n s t a n t  which w i t h  Reynolds number d e f i n e s  t h e  boundary-layer 
c o n t r i b u t i o n  t o  t h e  wid th  of t h e  t r a i l i n g  v o r t e x  street, 
d imens ionless  

local p r e s s u r e ,  kilograms/meter ( l b s / f t 2 )  

f ree-s t ream p r e s s u r e ,  ki lograms/meter2 ( l b s / f t 2 )  

dynamic p r e s s u r e ,  ki lagrams/meter2 ( l b s / f t 2 )  

leading-edge r a d i u s  of t h e  a i r f o i l ,  meters ( f e e t )  

Reynolds number (Voc /v )  

root mean squa re  of C f l u c t u a t i o n s  about  t h e  mean v a l u e  
P 

wing semispan, meters ( f e e t )  

S t rouha l  number (fc/Vo or fd/Vo) 

u n i v e r s a l  S t rouha l  number of t h e  wake 

a d d i t i o n a l  v e l o c i t y  determined by t h e  l i f t  c o e f f i c i e n t ,  meter/sec 
( f e e t / s e c )  

narrow band convect ion v e l o c i t y ,  meter/sec ( f t / s e c )  



vf 

vL 

vS 

't.e. 

':.e. 

vV 

vO 

X 

xa 

S 
X 

t X 

Y 

Y t . e .  

B 

Y 

6* 

e 

x 
v 

P 

v e l o c i t y  on t h e  b a s i c  p r o f i l e ,  meters/sec ( f t / s e c )  

lower s u r f a c e  v e l o c i t y ,  meters/sec ( f t / s e c )  

v e l o c i t y  a t  s e p a r a t i o n ,  meters/sec ( f t / s e c )  

t r a i l i n g - e d g e  v e l o c i t y  o u t s i d e  t h e  boundary l a y e r ,  meters/sec 
( f  t/sec) 

e f f e c t i v e  v e l o c i t y  a t  t h e  t r a i l i n g  edge w i t h i n  t h e  boundary 
l a y e r ,  meters/sec ( f t / s e c )  

upper s u r f a c e  v e l o c i t y ,  meters/sec ( f t / s e c )  

v e l o c i t y  of t h e  v o r t i c e s  i n  t h e  vo r t ex  s t r ee t ,  meters/sec ( f t / s e c )  

stream v e l o c i t y ,  meters/sec ( f t / s e c )  

l e n g t h  measured along t h e  chord ,  meters ( f e e t )  

p o s i t i o n  a t  t h e  end of s e p a r a t i o n  bubble ( r e a t t a c h m e n t ) ,  meters 

p o s i t i o n  of s e p a r a t i o n ,  meters ( f e e t )  

( f e e t )  

p o s i t i o n  of t r a n s i t i o n ,  meters ( f e e t )  

o r d i n a t e  t o  a i r f o i l  s u r f a c e  measured normal t o  t h e  chord ,  m e t e r s  
( f e e t )  

ha l f  t he  t r a i l i n g - e d g e  t h i c k n e s s ,  meters ( f e e t )  

ang le  of a t t a c k  of leading-edge s e r r a t i o n ,  wi th  r e s p e c t  t o  

coherence f u n c t i o n  (see Appendix) 

boundary-layer displacement  th i ckness ,  meters ( f e e t )  

phase ang le  

a i r f o i l  c e n t e r  l i n e  

l e n g t h  of a s e p a r a t i o n  bubble ,  meters ( f e e t )  

kinematic  v i s c o s i t y ,  meter2/sec ( f t 2 / s e c )  

d e n s i t y ,  ki lograms/meter3 ( s l u g s / f t 3 )  

3 .  PAST INVESTIGATIONS OF SERRATED-EDGE EFFECTS 

Soderman ( r e f .  2 )  measured r a d i a t e d  n o i s e  from t w o  h e l i c o p t e r  r o t o r s  
ope ra t iny  i n  hover c o n d i t i o n  wi th  v a r i o u s  s e r r a t i o n s  a t t a c h e d  on t h e  lower 
s u r f a c e  between t h e  s t a g n a t i o n  p o i n t ,  when a t  a p o s i t i v e  ang le  of a t t ack ,  

5 



and t h e  l e a d i n g  edge. The small-scale ro tor ,  1.52 m e t e r s  (5.0 f e e t )  i n  
d i ame te r ,  had a n  NACA 0012  a i r f o i l  sec t ion ,  and t h e  l a r g e r  rotor  o f  2.59 
meters (8.5 f e e t )  diameter had an  NACA 0015 s e c t i o n .  (Meter, centimeter,  
f o o t ,  and i n c h  are abbrev ia t ed  m ,  c m ,  f t ,  and i n ,  r e s p e c t i v e l y . )  The 
r o t o r s  w e r e  ope ra t ed  a t  speeds up  t o  1 4 4 0  rpm f o r  Reynolds number 
R e  = 0 . 5 5 ~ 1 0 ~ ~  and t o  1600 rpm f o r  R e  = 3 . 1 8 ~ 1 0 ~ ~  r e s p e c t i v e l y .  With t h e  
s e r r a t e d  edges  t h e  smaller r o t o r  a c o u s t i c  performance improved g r e a t l y ,  
p a r t i c u l a r l y  i n  t h e  h ighe r  oc t ave  bands (up t o  17 dB less noise r a d i a t i o n )  
b u t  on ly  a s m a l l  improvement occurred  f o r  t h e  l a r g e r  r o t o r .  Aerodynamic 
performance w a s  e s s e n t i a l l y  unchanged. 

Soderman then  tested an  NACA 66-012 a i r f o i l  i n  t h e  Ames Research Center  
7- by 10-Foot Wind Tunnel ( r e f .  3 ) ,  t h e  same t u n n e l  as used for  t h e  p r e s e n t  
tes ts .  I t  had a 0.762 m (30 i n )  chord and 1.016 m ( 4 0  i n )  span w i t h  l a r g e  
end p l a t e s  a t t a c h e d .  However, even wi th  t h e s e  p l a t e s  t h e r e  was s t i l l  a 
cons ide rab le  amount of  premature s e p a r a t i o n  on t h e  a i r f o i l  near them a t  t h e  
h igher  l i f t  c o e f f i c i e n t s .  Various combinat ions of  1 4  se r ra t ions  w e r e  t e s t e d  
i n  f o u r  p o s i t i o n s  between t h e  s t a g n a t i o n  p o i n t  a t  an  a n g l e  of a t t a c k  and 
t h e  l e a d i n g  edge. A w i d e  range  o f  s e r r a t i o n  geometry w a s  i nc luded ,  t h e  

he igh t  va ry ing  from 0.127 c m  (0.05 i n )  t o  0.94 c m  (0.37 i n )  and t h e  spac ing  
between t h e  t i p s ,  from 0.254 c m  ( 0 . 1  i n )  t o  4.06 c m  (1.6 i n ) .  The e f f e c t s  
of t h e  s e r r a t i o n s  ranged from as much as a LO-percent d e c r e a s e  i n  maximum 
l i f t  t o  a 21-percent i n c r e a s e .  The i n c r e a s e  w a s  created by d e l a y i n g  s t a l l .  
L i f t  and d r a g  w e r e  measured us ing  t h e  tunne l  scales, and t h e  tare f o r  end- 
p l a t e  d rag  w a s  deducted.  A s e r r a t i o n  wi th  0.254 c m  (0 .1  i n )  h e i g h t  
and 0.508 c m  ( 0 . 2  i n )  spac ing  produced t h e  b e s t  improvement. The r e s u l t s  
were v e r y  s e n s i t i v e  t o  t h e  l o c a t i o n  of t h e  s e r r a t e d  edge.  Soderman a l so  
performed f low v i s u a l i z a t i o n  us ing  t i t a n i u m  d i o x i d e  pa in t ed  on t h e  wing. 
A l t e r n a t e  l i g h t  and dark  bands w e r e  e tched  i n  t h e  o i l  behind each prong of  
t h e  s e r r a t i o n  from t h e  a i r f o i l  l e a d i n g  edge toward t h e  t r a i l i n g  edge.  The 
Reynolds number €or t h i s  s tudy  v a r i e d  between 1 . 0 ~ 1 0 ~  and 2 . 3 ~ 1 0 ~ .  

A s  p a r t  of a s tudy  on aerodynamic sound r a d i a t i o n  from l i f t i n g  s u r f a c e s ,  
Hersh and Hayden ( r e f .  4 )  t e s t e d  an NACA 0 0 1 2  a i r f o i l  of 15.2 c m  (6  i n )  chord  
by 76.2 c m  ( 3 0  i n )  span i n  t h e  B o l t ,  Beranek & Newman f r e e  je t  a c o u s t i c  wind 
tunne l  f o r  R e  = 0 . 2 ~ 1 0 ~  t o  0 . 3 3 ~ 1 0 ~ .  Four s e r r a t e d  edges w e r e  t e s t e d  i n  
several p o s i t i o n s .  Again, t h e  r a d i a t e d  sound w a s  v e r y  s e n s i t i v e  t o  s i z e  and 
l o c a t i o n  of  t h e  edges.  The b e s t  edge w a s  t h e  l a r g e s t  w i th  a t i p  h e i g h t  of  
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0.169 c m  (0.0665 i n )  and t h e  spac ing  of  0.338 c m  (0.133 i n ) .  For t h e  b a s i c  
a i r f o i l  (no s e r r a t i o n )  t h e r e  w a s  a peak i n  t h e  r a d i a t e d  a c o u s t i c  power 
spectrum of  85 dB a t  1.7 KHz between a n g l e s  of a t t a c k  of  0' and 8O. The 
b e s t  s e r r a t i o n  reduced t h i s  peak a t  Oo, 4', and 8O by 11, 30, and 2 4  d B ,  

r e s p e c t i v e l y .  From a c o u s t i c  measurements a t  0 . 0 8 3 ~ 1 ' 0 ~  Reynolds number, a 
d i p o l e  source  of  a c o u s t i c  power w a s  found t o  be l o c a t e d  a t  t h e  a i r f o i l  
t r a i l i n g  edge. H o t  w i r e  measurements i n  t h e  a i r f o i l  wake l o c a t e d  t w o  
s p a t i a l  peaks i n  tu rbu lence  energy j u s t  as  i f  von Karman v o r t e x  p a i r s  w e r e  
being shed from t h e  a i r f o i l .  The a u t h o r s  concluded t h a t  t h e  peaks i n  t h e  
energy s p e c t r a  are genera ted  by p e r i o d i c ,  or nea r -pe r iod ic ,  f l u c t u a t i n g  
f o r c e s  l o c a t e d  on t h e  a i r f o i l  near  t h e  t r a i l i n g  edge and induced by laminar  
wake vo r t ex  shedding. They cu rve  f i t t e d  t h e  S t rouha l  number S ,based  on a i r f o i l  

t h i c k n e s s ,  of t h e s e  tones  w i t h  t h e  express ion  S = 0.6 l o g  ( R e )  - 2.35. 

P r o p e l l e r  tests w e r e  made i n  t h e  s a m e  f r e e  j e t  a c o u s t i c  wind tunne l  
u s ing  t h e  same shape a i r f o i l  wi th  a 5.08 c m  ( 2  i n )  chord and 35.6 c m  ( 1 4  i n )  
diameter  over  t h e  Reynolds number range  0 . 1 1 ~ 1 0 ~  t o  0 . 2 2 ~ 1 0 ~ .  Again, t h e  
energy spectrum showed a l a r g e  peak, and t h e  s e r r a t e d  edges reduced t h i s  
peak by a s  much as  18 dB. The c h a r a c t e r i s t i c  f r e q u e n c i e s  a l so  f i t  t h e  
above express ion .  P e r t i n e n t  d a t a  on a i r f o i l  shapes and dimensions,  tes t  
c o n d i t i o n s ,  and t h e  S t rouha l  numbers based on t h e  frequency of t h e  peaks i n  
t h e  energy s p e c t r a  are g iven  i n  Table  I. 

4 .  APPARATUS 

4 . 1  Model and S e r r a t e d  Edges 

A survey of aerodynamic d a t a  w a s  made i n  order t o  select  a s u i t a b l e  
test a i r f o i l  f o r  t h i s  s tudy .  An a i r f o i l  s e c t i o n  t y p i c a l  of t h o s e  i n  
c u r r e n t  u s e  and f o r  which tes t  d a t a  on p res su re  d i s t r i b u t i o n s  and boundary 
l a y e r s  are a v a i l a b l e  w a s  cons idered  d e s i r a b l e .  Gaul t  ( r e f .  6 )  g i v e s  ve ry  
d e t a i l e d  measurements on a two-dimensional NACA 63-009 a i r f o i l  s e c t i o n ,  and 
t h i s  shape w a s  s e l e c t e d  f o r  t h e  tests.  Th i r t een  p r e s s u r e  t a p s  w e r e  l o c a t e d  
i n  t h e  f i r s t  one pe rcen t  of t h e  chord of  G a u l t ' s  a i r f o i l .  P re s su re  probe 
t r a v e r s e s  w e r e  made i n  t h i s  r e g i o n  t o  o b t a i n  boundary-layer v e l o c i t y  
p r o f i l e s  and t h e  shape of a laminar  s epa ra t ed  bubble a t  s i x  a n g l e s  of 
a t tack wi th  s e c t i o n  l i f t  c o e f f i c i e n t s  between 0.48 and 1 . 0 2 .  The l a t te r  
v a l u e  i s  immediately b e f o r e  s t a l l .  McCullough and Gaul t  ( r e f .  7 )  made 
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f u r t h e r  measurements on t h e  same a i r f o i l  a t  t h e  s a m e  Reynolds number o f  

5 . 8 ~ 1 0 ~ .  Both tests w e r e  i n  t h e  same wind t u n n e l  a s  t h e  p r e s e n t  tes ts .  
The mechanism by which t h e  serrated edge a f f e c t s  t h e  f low over t h e  a i r f o i l  
i s  thought  t o  be i n t i m a t e l y  connected wi th  t h e  behavior  of t h e  laminar  bubble .  

Coordina tes  and Va/Vo, t h e  a d d i t i o n a l  v e l o c i t y  r'adio due  t o  l i f t  f o r  
t h e  NACA 63-009 a i r f o i l  are g iven  i n  Table  11. T h i s  is  a combinat ion of t h e  

data i n  Abbott  and von Doenhoff ( r e f .  8 )  and a d d i t i o n a l  data f o r  t h e  
leading-edge r e g i o n ,  which are derived i n  r e f e r e n c e  5.  

A 0.9144 m ( 3  f t )  chord w a s  s e l e c t e d  so as t o  have adequa te  space  i n  a 
leading-edge r e g i o n  f o r  i n s t rumen ta t ion .  S ince  it w a s  d e s i r e d  to  d e s i g n  a 
model t h a t  could  be ope ra t ed  i n  t h e  f u t u r e  i n  more than  one wind t u n n e l ,  
a semispan c o n f i g u r a t i o n  was s e l e c t e d .  Load l i m i t a t i o n s  on t h e  semispan 
mounting arrangement dictated a span of  1.524 m ( 5  f t ) .  The model, mounted 
i n  t h e  Ames Research Center  7-  by 10-Foot Wind Tunnel N o .  1, is  shown 
i n  f i g u r e  1. End p l a t e s  extend 0.6096 m (2  f t )  o u t  each side of  t h e  a i r f o i l  
a t  t h e  bottom and have t h e  same chord a s  t h e  a i r f o i l .  These p l a t e s  w e r e  
mounted t o  t h e  a i r f o i l  1 0 . 1 7  c m  ( 4  i n )  above t h e  w a l l .  On t h e  upper s u r f a c e  
t h e y  have t h e  same shape a s  t h e  a i r f o i l ,  and t h e  bottom i s  f l a t  excep t  nea r  
t h e  l e a d i n g  edge. The t o p  end of t h e  a i r f o i l  w a s  capped wi th  a h a l f  round 
s e c t i o n  w i t h  a r a d i u s  d i s t r i b u t i o n  t h e  same a s  t h e  a i r f o i l  h a l f - t h i c k n e s s  
d i s t r i b u t i o n .  The a i r f o i l  w a s  machined from aluminum i n  two ha lves ,  s p l i t  
on t h e  c e n t e r l i n e  t o  69.5 pe rcen t  of t h e  chord.  Channels w e r e  c u t  o u t  f o r  
i n s t rumen ta t ion  and p r e s s u r e  tub ing .  S ince  t h i s  a i r f o i l  t a p e r s  t o  a k n i f e  
edge t h e  l a s t  0.61 c m  (0.24 i n )  w e r e  removed so t h e  t r a i l i n g - e d g e  t h i c k n e s s  
is 0.048 c m  (0.019 i n ) .  The s u r f a c e  w a s  po l i shed  t o  approximately a 1 6  

micro f i n i s h .  However, t h i s  f i n i s h  w a s  somewhat degraded l o c a l l y  by s l i g h t  
c o r r o s i o n  around some of t h e  p r e s s u r e  t a p s .  

The s e r r a t e d  edges t e s t e d  are shown i n  f i g u r e  2 .  The d e s i g n s  w e r e  
s e l e c t e d  based on Soderman's r e s u l t s  ( r e f .  3 ) .  Shapes bo th  l a r g e r  and 
smaller than  h i s  optimum w e r e  selected and f a b r i c a t e d  of t h e  s a m e  mater ia l ,  
0 .025  c m  ( 0 . 0 1 0  i n )  b r a s s  shim s tock .  Soderman a l s o  found t h a t  t h e  r e s u l t s  
were ve ry  s e n s i t i v e  t o  s e r r a t i o n  p o s i t i o n .  H e  a t t a c h e d  t h e  s e r r a t i o n s  i n  
any one of  fou r  p o s i t i o n s  t o  t h e  model w i th  wood screws. To speed t h e  
process of f i n d i n g  any optimum p o s i t i o n ,  t h e  serrated edges  w e r e  mounted i n  
a 0.795 c m  (0.3125 i n )  diameter r o t a t a b l e  b r a s s  rod .  T h i s  rod  w a s  embedded 

i n  t h e  lower s u r f a c e  of t h e  a i r f o i l  as shown i n  f i g u r e  3. Running t h e  f u l l  



l e n g t h  of  t h e  rod  is  a 0 .030  c m  s lo t .  The s e r r a t e d  edges w e r e  placed i n t o  
t h e  s l o t  and s l i d  down over  p i n s  i n  t h e  rod every  7 . 6 2  c m  ( 3  i n )  t h a t  locked 
i n t o  cu t -ou t s  on t h e  back s i d e  of t h e  s e r r a t e d  edges.  The rod w a s  d r i v e n  
remotely by a s m a l l  gea r  motor l oca t ed  under t h e  tunne l  and i t s  a n g l e  sensed 
by a p r e c i s i o n  poten t iometer .  For t h e  b e n t  edges,  m o s t  t e s t i n g  w a s  done 
w i t h  t h e  s e r r a t i o n  i n  t h e  m o s t  forward p o s i t i o n  i n  f i g u r e  3 .  The m o s t  
rearward p o s i t i o n  i s  shown d o t t e d .  Unless o the rwise  i n d i c a t e d  i n  t h e  
r e s u l t s ,  t h e  s e r r a t i o n  ang le  i s  f o r  t h i s  m o s t  forward p o s i t i o n  wi th  = 38O 
f o r  t h e  ben t  s e r r a t e d  edges ( p a t t e r n s  A and B ) .  S ince  s e r r a t i o n  p o s i t i o n  i s  
impor tan t ,  t h e  rod p o s i t i o n  w a s  c a r e f u l l y  s e l e c t e d  t o  p l a c e  t h e  t i p s  of t h e  

serrated edge m o s t  l i k e  t h e  s e r r a t i o n  Soderman found b e s t  i n  t h e  same p a r t  
of t h e  p r e s s u r e  f i e l d  where he g o t  h i s  b e s t  r e s u l t s .  The s t a g n a t i o n  p o i n t  

i s  on t h e  unde r su r face  downstream of  t h e  s e r r a t i o n s  even when they  are r o t a t e d  
i n t o  t h e  m o s t  rearward p o s i t i o n  a t  a n  a i r f o i l  a n g l e  of a t t a c k  a s  l o w  as 3O, 

based on t h e  measurements of t e s t a g n a t i o n  p o i n t  i n  r e f e r e n c e  7 .  For t h e  b a s i c  

a i r f o i l  c o n d i t i o n ,  grooves c u t : o u t  around t h e  s e r r a t i o n  rod  w e r e  f i l l e d  
w i t h  wax and smoothed and shapyd wi th  a templa te .  
edges w e r e  a l so  tested. The a n g l e  they  made t o  t h e  a i r f o i l  chord ,  B ,  i s  
i n d i c a t e d  i n  t h e  r e s u l t s  of tegts performed wi th  them. 

h 
Three s t r a i g h t  s e r r a t e d  

I 

A t o t a l  of 7 %  p r e s s u r e  t a p s  w e r e  l o c a t e d  i n  r o w s  a t  4 0 ,  65, and 85 
pe rcen t  of t h e  semispan w i t h  n e a r l y  h a l f  of  t h e s e  a t  t h e  40-percent l o c a t i o n ,  
t h e  major i n s t rumen ta t ion  p o s i t i o n .  A t o t a l  of 25 p r e s s u r e  t r a n s d u c e r s  w e r e  
l o c a t e d  i n  r o w s  2.03 c m  (0.80 i n )  inboard of t h e  p r e s s u r e  t a p  rows and 
s e v e r a l  more were placed between t h e  t w o  rows. The spanwise spac ing  between 
t h e  r o w s  of p r e s s u r e  t r a n s d u c e r s  and p r e s s u r e  t a p s  was chosen t o  be a 
m u l t i p l e  of t h e  b a s i c  u n i t  of 0.508 c m  ( 0 . 2  i n )  f o r  t h e  s e r r a t i o n  t i p  
spac ing .  Ea r l i e r  exper ience  i n  p re s su re  t r ansduce r  mounting h o l e s  w a s  
fol lowed,  and dimensions are  shown i n  f i g u r e  3 .  Because of t h e  f i n e  h o l e s  
and c l o s e  t o l e r a n c e s ,  t h e  h o l e s  w e r e  d r i l l e d  i n t o  s m a l l  i n s e r t s  and t h e s e  
mounted i n t o  t h e  a i r f o i l  b e f o r e  f i n a l  f i n i s h i n g .  A c lose-up  of t h e  suc t ion -  
s i d e  lead ing  edge a t  t h e  40-percent span r e g i o n  i s  shown i n  f i g u r e  4 .  A 

s e r r a t e d  edge i n  t h e  m o s t  forward p o s i t i o n  shows i n  t h e  photograph, b u t  
because of t h e  l i g h t i n g  t h e  t i p s  appear  as poin ted  v o i d s ,  and t h e  sh iny  
segmented l i n e  between t h e s e  i s  t h e  edge of t h e  base  between the s e r r a t i o n s .  
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4 . 2  Transducers  and Ins t rumen ta t ion  

P r e s s u r e  l i n e s  conducted t h e  s u r f a c e  s t a t i c  pressures t o  a manometer 
board where t h e  v a l u e s  w e r e  recorded on f i l m .  The min ia tu re  d i f f e r e n t i a l  
p r e s s u r e  t r a n s d u c e r s  are manufactured by K u l i t e  Semiconductor Products ,  Inc .  
The model used,  XC QL7-093-4, has  a nominal s e n s i t i v ' i t y  of 55 m i l l i v o l t s  
per  p s i  a t  20  v o l t s  e x c i t a t i o n  and a n a t u r a l  f requency of  65 K H z .  The 

r e f e r e n c e  p r e s s u r e  t u b e  a t  t h e  rear of t h e  t r ansduce r  w a s  connected through 
a t  l eas t  t h r e e  meters of 0.159 c m  (1/16 i n )  t ub ing  t o  t h e  s t a t i c  t a p  a t  t h e  
same chordwise p o s i t i o n .  

Two acce le romete r s ,  Endevco Model 2264-150 wi th  nominal s e n s i t i v i t y  of 
2 .6  m i l l i v o l t / g  and f l a t  response  w i t h  no phase s h i f t  t o  800 Hz were mounted 
i n  t h e  model a t  t h e  8 5 - ~ e r c e n t  span s t a t i o n ,  one a t  35.7 p e r c e n t  of t h e  
chord near  t h e  c a l c u l a t e d  t o r s i o n a l  a x i s ,  and t h e  o t h e r  a t  67 .7  p e r c e n t  of 
t h e  chord.  

Three s t r a i n  gages w e r e  mounted below t h e  end p l a t e  immediately above 
t h e  tunne l  ba lance  suppor t  b r a c k e t s  a t  t h e  36.4-percent chord l o c a t i o n .  One 
gage w a s  of  t h e  f o i l  t ype  and t h e  o t h e r  t w o  w e r e  semiconductors.  One of t h e  
l a t t e r  w a s  i n s t a l l e d  to  measure p i t c h i n g  moment s t r a i n  about  t h e  t o r s i o n a l  
a x i s  of t he  a i r f o i l ,  and t h e  o t h e r  two s t r a i n  gages sensed t h e  root  bending 
moment of t h e  a i r f o i l .  Unfor tuna te ly ,  no h igh  stress area w a s  a c c e s s i b l e  
f o r  mounting t h e  gages,  and 90  pe rcen t  of t h e  t e s t i n g  w a s  performed wi th  
less than  1 0 0  pcm per  c m  s t r a i n  i n  bending a t  t h e  gages.  Th i s  s m a l l  
s t r a i n  l i m i t e d  t h e  accuracy of t h e  s i g n a l s  ob ta ined .  

The s i g n a l s  from t h e  p r e s s u r e  t r a n s d u c e r s ,  accelerometers, and s t r a i n  
gages w e r e  ampl i f i ed  and recorded on t h e  d a t a  a c q u i s i t i o n  system of t h e  
A i r c r a f t  S t r u c t u r e s  Branch of t h e  Ames Research Center .  Thei r  s o p h i s t i c a t e d  
appa ra tus ,  shown i n  f i g u r e  5 ,  a u t o m a t i c a l l y  sets t h e  g a i n  ampli tude and 
r eco rds  t h e  c a l i b r a t i o n  s i g n a l  g a i n ,  a c a l i b r a t i o n  s i n e  wave, and t h e  tes t  
s i g n a l  i n  a preprogrammed r o u t i n e .  For a l l  s i g n a l s  excep t  t h e  f o i l  s t r a i n  
gage,  ac a m p l i f i c a t i o n  w a s  used. The s i g n a l s  were recorded on an  Ampex 
Model FR-1800 32-channel fm t a p e  r eco rde r  o p e r a t i n g  w i t h  double  bandwidth 
a t  60 in / sec .  
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4 . 3  Procedures  

High p a s s  f i l t e r s  w e r e  switched o u t  of t h e  e lectr ical  c i r c u i t  to t a k e  

advantage of  t h e  zero  frequency response  c a p a b i l i t y  of t h e  p r e s s u r e  i n s t r u -  
menta t ion  system f o r  s e n s i t i v i t y  c a l i b r a t i o n s .  Checks of  t h e  t r ansduce r  
s e n s i t i v i t i e s  w e r e  made by apply ing  fl p s i  gage p r e s s u r e s  through t h e  r e f e r -  
ence  p r e s s u r e  tub ing  b e f o r e ,  s e v e r a l  t i m e s  d u r i n g ,  and a f t e r  t h e  t es t  program. 
The c a l i b r a t i o n s  w e r e  ve ry  s t a b l e .  Laboratory checks of  t h e  t r a n s d u c e r s  
p r i o r  t o  model i n s t a l l a t i o n  showed t h a t  thermal  e f f e c t s  on t h e  s e n s i t i v i t y  
could be expected t o  be less than  2 p e r c e n t  f o r  t h e  temperature  range of t h e  

tests. Seve ra l  p r e s s u r e  t r a n s d u c e r s  broke d u r i n g  t h e  cour se  of  tes ts ,  
appa ren t ly  by impingement of d i r t  par t ic les  a t  t h e  h ighe r  speeds.  F o r t u n a t e l y ,  
p a s t  expe r i ence  had shown t h a t  t h e  c a l i b r a t i o n  of  t h e  t r a n s d u c e r s  would 
remain v a l i d  t o  t h e  p o i n t  where they  broke,  a t  which t i m e  t h e  s i g n a l  became 
ve ry  no i sy  and it w a s  obvious t h a t  t hey  w e r e  ru ined .  

During m o s t  of t h e  tests, t h e  root-mean-square o u t p u t  from some of t h e  
t r ansduce r s  and s t r a i n  gages w e r e  r ead  d i r e c t l y  on D i s a  Model 55-D35 RMS 

Voltmeters, g e n e r a l l y  us ing  a 10-second t i m e  c o n s t a n t .  The bandwidth of 
t h e s e  s i g n a l s  w a s  l i m i t e d  by t h e  50 KHz f i l t e r s  i n  t h e  a m p l i f i e r s .  A f t e r  
t h e  tests w e r e  completed,  n e a r l y  a l l  of t h e  magnetic t a p e  d a t a  w e r e  played 
back and t h e  r m s  v a l u e s  r ead .  These s i g n a l  l e v e l s  were l i m i t e d  i n  band- 
wid th  by t h e  20 K H z  f requency response  l i m i t  of t h e  playback e l e c t r o n i c s .  

Two methods of f requency a n a l y s i s  of  t h e  p r e s s u r e  f l u c t u a t i o n s  w e r e  
performed a f t e r  t h e  complet ion of t h e  tes t  program. The f i r s t  used a 
S p e c t r a l  Dynamics R e a l  T i m e  Analyzer Model SD301B set t o  average  t h e  
ana lyses  of 256 ensembles. The second method used w a s  t h e  comprehensive 
combination a n a l o g - d i g i t a l  method desc r ibed  by L i m  and Cameron i n  r e f e r e n c e  9.  

This  hybrid computing p rocess  produces a t o t a l  of 1 0 6  f requency p o i n t s  f o r  
spectrum measurement. C r o s s  s p e c t r a l  d e n s i t i e s ,  phase a n g l e s ,  and convec t ion  
v e l o c i t i e s  w e r e  a l s o  ob ta ined .  The d e f i n i t i o n s  of t h e s e  q u a n t i t i e s  are 
g iven  i n  t h e  Appendix. 

For bo th  of  t h e  above methods of a n a l y s i s ,  t h e  f requency response  w a s  
l i m i t e d  t o  20 KHz by the  t a p e  playback e l e c t r o n i c s .  

O f  t h r e e  f l o w  v i s u a l i z a t i o n  methods t r i e d ,  carbon b lack  and o i l ,  ab l a -  
t i o n ,  phosphorescent  o i l  w i th  b lack  l i g h t ,  t h e  l a s t  gave s u p e r i o r  r e s u l t s  at 
t h e  Reynolds numbers t e s t e d .  The l ead ing  and t r a i l i n g  edges of  t h e  
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leading-edge s e p a r a t i o n  r eg ion  g e n e r a l l y  became w e l l  de f ined  i n  about  a 
minute,  long  enough so t h a t  t u n n e l  s t a r t i n g  t r a n s i e n t s  w e r e  n o t  bothersome. 
A photograph would be taken  and t h e  ang le  of  a t t a c k  inc reased .  Some of  t h e  
f l u i d  i n  t h e  s e p a r a t i o n  zone would be shed and t h e  remainder would move 
forward. A t  t h e  R e  of 1.75~10~ t h e  method worked v e r y  w e l l ,  b u t  a t  R e  

of 3 . 5 ~ 1 0 ~  t h e  optimum v i s c o s i t y  w a s  t h i c k  g rease .  
d u c i b l e  bu t  no t  cons idered  a s  r e l i a b l e  as t h o s e  ob ta ined  a t  t h e  lower 
Reynolds number. A photograph of a f l e x i b l e  r u l e r  l a i d  around t h e  l ead ing  
edge a t  s e v e r a l  a n g l e s  of  a t t a c k  provided t h e  b a s i s  f o r  t h e  i n t e r p r e t a t i o n  
of t h e  photographs.  

The r e s u l t s  w e r e  repro-  

5. EXPERIMENTAL RESULTS FOR HIGH REYNOLDS NUMBER FLOW 

5.1 B a s i c  A i r f o i l  L i f t ,  Drag, and S t a l l  

A s  noted i n  t h e  prev ious  s e c t i o n ,  t h e  b a s i c  a i r f o i l  w a s  ob ta ined  by 
f i l l i n g  i n  t h e  grooves around t h e  s e r r a t i o n  rod w i t h  wax and smoothing it 
wi th  a template .  F igu re  6 shows l i f t  and d r a g  c u r v e s  f o r  t h e  wing as 
determined from t h e  tunne l  s c a l e s  a t  t w o  Reynolds numbers. Values through- 
o u t  t h e  r e p o r t  are uncorrec ted  f o r  t u n n e l  w a l l  c o n s t r a i n t  s i n c e  comparisons 
are made wi th  s e c t i o n  d a t a  and wi th  t h e  uncorrec ted  d a t a  ob ta ined  p rev ious ly  
i n  t h e  same wind t u n n e l  ( r e f s .  6 and 7). With i n c r e a s i n g  ang le  of  a t t a c k ,  
s t a l l  occur s  a b r u p t l y  a t  l i f t  c o e f f i c i e n t s  of 1 . 0 2  and 0.88 f o r  Reynolds 
numbers of  3 . 5 ~ 1 0 ~  and 1.75x106,  r e s p e c t i v e l y .  
which s t a l l  occur s  does  depend on t h e  t i m e  d u r a t i o n  a t  t h a t  ang le .  These 
va lues  are r e p r e s e n t a t i v e  of ones  a t  which one can s t i l l  o b t a i n  d a t a  f o r  an  
u n s t a l l e d  c o n d i t i o n  which would u s u a l l y  l a s t  f o r  a t  least  1 / 2  minute.  

Occas iona l ly  t h e  wing would s t a l l  a t  a n  a n g l e  of n e a r l y  one degree  less. Sec t ion  
l i f t  c o e f f i c i e n t  a t  40-percent span i s  also shown i n  f i g u r e  6 and i s  s l i g h t l y  
g r e a t e r  t han  t o t a l  lift c o e f f i c i e n t .  The r a t i o  of t h e  s e c t i o n  l i f t  t o  t h e  
wing l i f t  c o e f f i c i e n t  i s  shown i n  f i g u r e  7 f o r  v a l u e s  a t  40-, 65-, and 
85-percent semispan, and they  are compared w i t h  t h e  f i n i t e  wing theo ry  o f  
r e f e r e n c e  1 0 .  The theo ry  does  n o t  i nc lude  wind-tunnel w a l l  i n t e r f e r e n c e .  
S ince  t h e  a r e a  under t h e  cu rve  must equa l  1 .0  f o r  bo th  t h e o r e t i c a l  and 
exper imenta l  c a s e s ,  t h e  measured v a l u e  a t  40-percent span appears  l o w .  

The a n g l e  of  a t t a c k  a t  

S t a t i c  p re s su re  t a p  p r e s s u r e  c o e f f i c i e n t  d a t a  over  90 p e r c e n t  of t h e  

chord a t  t h e  40-percent span l o c a t i o n  are p resen ted  i n  f i g u r e  8 f o r  t w o  

12 



Reynolds numbers a t  an ang le  of 9.4O. 
McCullough and Gaul t ,  r e f e r e n c e  7 ,  p resented  a t  t h e  same s e c t i o n  l i f t  
c o e f f i c i e n t  of 0.665 obta ined  by i n t e r p o l a t i o n  from t h e i r  t a b l e s .  

Included i n  t h e  f i g u r e  are d a t a  from 

Photographs of t h e  s u c t i o n  s i d e  of  t h e  a i r f o i l  a t  go, 1 2 O ,  and 14.1° 
with  t u f t s  taped t o  the  s u r f a c e  are shown i n  f i g u r e  9 .  The flow is from 
r i g h t  t o  l e f t .  
flow. The t r a i l i n g  v o r t e x  e f f e c t  shows on t h e  t o p  rear t u f t .  Over t h e  
upper 25 pe rcen t  of  t h e  a i r f o i l  t h e r e  is  a modest spanwise component i n  t h e  
flow near  t h e  s u r f a c e ,  
r o w  of t u f t s  and p o s s i b l y  a l i t t l e  way i n t o  t h e  t h i r d  r o w .  The f o u r t h  r o w  
is close t o  t h e  40-percent span t a p s  and t r a n s d u c e r s ,  and a t  1 4 . 1 °  a n g l e  of  
a t t a c k ,  which i s  j u s t  be fo re  s t a l l  occurred  over  t h e  e n t i r e  wing, t h e r e  i s  
some s t a l l  occur r ing  i n  t h e  f o u r t h  row. F low v i s u a l i z a t i o n  over  t h e  f i r s t  
2 pe rcen t  of t h e  chord,  p resented  i n  s e c t i o n  5 . 4 ,  shows no n o t i c e a b l e  span- 
w i s e  f low up t o  13O angle  of  a t tack .  

A t  go only  t h e  bottom t r a i l i n g - e d g e  co rne r  shows sepa ra t ed  

A t  12' t h e  s t a l l  r eg ion  has  spread across t h e  second 

5.2 General  T e s t s  of Twelve S e r r a t i o n s  

Twelve s e r r a t i o n s  w e r e  t e s t e d  nea r  t h e  beginning of t h e  tes t  program 
f o r  t h e i r  e f f e c t s  on d rag  and l i f t ,  a i r f o i l  v i b r a t i o n ,  moment f l u c t u a t i o n s ,  
and p res su re  f l u c t u a t i o n s  a t  t h e  f i r s t  and f i f t h  p r e s s u r e  t r a n s d u c e r s ,  

which w e r e  l oca t ed  a t  0.83- and 3.5-percent chord ,  r e s p e c t i v e l y .  R o o t -  

mean-square o u t p u t  from t h e s e  two p res su re  t r a n s d u c e r s ,  t h e  t w o  accelero- 
meters, and t h e  semiconductor s t r a i n  gage sens ing  aerodynamic moment 
f l u c t u a t i o n s  w e r e  r ead  d i r e c t l y  on M S  vo l tme te r s .  Composite p l o t s  f o r  
t h e  e f f e c t s  of t h e  twelve s e r r a t i o n s  on l i f t  cu rve ,  l i f t - d r a g  cu rve ,  t h e  
aerodynamic moment RMS, and t h e  f i r s t  p r e s s u r e  t r ansduce r  s i g n a l  RMS are  
presented  i n  f i g u r e s  1 0 ,  11, 1 2 ,  and 13 ,  r e s p e c t i v e l y .  A l l  curves  a re  f o r  
a Reynolds number of 3 . 5 ~ 1 0 ~ .  
t h e  s e r r a t i o n s  are presented  i n  f i g u r e  2. The s o l i d  l i n e  i n  each p l o t  
r e p r e s e n t s  t h e  d a t a  f o r  t h e  b a s i c  a i r f o i l .  The RMS v a l u e s  w e r e  l i m i t e d  t o  
minimum and maximum f requenc ie s  by t h e  a m p l i f i e r  f i l t e r s  of 1 0  Hz t o  50 KHz 
f o r  t h e  p r e s s u r e  t r a n s d u c e r ,  and 1 0  H z  t o  5 KHz f o r  t h e  aerodynamic moment 
s t r a i n  gage. 

The r e s u l t s  are presented  i n  t h e  s a m e  o rde r  as 

Unlike Soderman's r e s u l t s ,  t h e  s e r r a t i o n s  g e n e r a l l y  caused no change 
i n  maximum 
a p o s s i b l e  l i f t  i nc rease  of 4 p e r c e n t ,  b u t  t h i s  could be wi th in  t h e  accuracy  

CL,  as  seen i n  f i g u r e  1 0 .  Only f o r  s e r r a t i o n  A3-8 i s  t h e r e  
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f o r  de te rmining  t h e  maximum CL as  expla ined  i n  s e c t i o n  5.1. For s e r r a t i o n  
A1-8, t h e  l a r g e s t  s e r r a t i o n  t e s t e d ,  t h e r e  i s  p o s s i b l y  a 9-percent  d e c r e a s e  
i n  maximum l i f t ,  b u t  t h e r e  i s  on ly  one d a t a  p o i n t  t h a t  d e f i n i t e l y  suppor t s  
t h i s  r e s u l t .  Genera l ly  t h e  s e r r a t i o n s  d e c r e a s e  t h e  s e v e r i t y  or e l i m i n a t e  
t h e  sudden s t a l l  t h a t  occu r s  on t h e  b a s i c  a i r f o i l .  N o  d e f i n i t e  t r e n d  w i t h  
spacing o r  s e r r a t i o n  h e i g h t  is found on t h e  mod i f i ca t ion  of  t h e s e  l i f t  
curves  i n  t h e  s t a l l e d  r eg ion .  The a i r f o i l  d r a g  remains unchanged by t h e  
s e r r a t i o n s  up t o  t h e  s t a l l  l i m i t  of t h e  b a s i c  a i r f o i l ,  a s  noted from f i g u r e  11. 

Figure  1 2  shows t h e  e f f e c t s  of t h e  v a r i o u s  s e r r a t i o n s  on t h e  aerodynamic 
moment RMS s i g n a l .  Due t o  t h e  low s i g n a l  l e v e l s ,  some r e s u l t s  show 
cons ide rab le  scatter.  The s t r a i n  gages w e r e  u n c a l i b r a t e d ,  b u t  t h e  v e r t i c a l  
scale should be l i n e a r .  There w a s  no response  from t h e s e  gages c o r r e s -  
ponding t o  t h e  peak s i g n a l  from t h e  p r e s s u r e  t r a n s d u c e r ,  which i s  d i scussed  
i n  t h e  nex t  paragraph.  Th i s ,  however, i s  r e l a t e d  t o  t h e  l o w  s i g n a l  
cu t -of f  f requency of 5 K H z .  Half of t h e  s e r r a t i o n s  g r e a t l y  reduced t h e  
s t r a i n  gage s i g n a l  a t  h ighe r  a n g l e s  of  a t t a c k .  

P res su re  RMS C v a l u e s  f o r  t h e  f i r s t  t r a n s d u c e r ,  which i s  loca ted  a t  
P 

x/c of 0.83 pe rcen t ,  are presented  i n  f i g u r e  13. For t h e  b a s i c  a i r f o i l  t h e r e  
i s  a ve ry  l a r g e  peak v a l u e  a t  8-1/2O a n g l e  of a t t a c k ,  7 . 3  t i m e s  g r e a t e r  
(17 .3  dB g r e a t e r )  than  i f  t h e  
a n g l e s  of Oo and 13O. 
t o  t h r e e - f o u r t h s  of t h e  a b s o l u t e  v a l u e s  and s h i f t e d  t h e  a n g l e  of a t tack 

a t  t h e  peak. A clear c o r r e l a t i o n  wi th  spacing e x i s t s  and t h i s  i s  shown 
i n  f i g u r e  1 4 .  The b a s i c  a i r f o i l  i s  taken  t o  be t h e  c a s e  wi th  i n f i n i t e  
spac ing ,  so i n  t h i s  p l o t  RMS C is p l o t t e d  v e r s u s  t h e  i n v e r s e  of  spac ing .  
There i s  no minimum i n  t h e  curve  so t h e  optimum spac ing  may be s m a l l e r  t han  
any t e s t e d .  A s h i f t  i n  angle  of a t t a c k  f o r  t h e  peak RMS i s  a l so  shown. 

RMS C p  v a r i e d  l i n e a r l y  between i t s  v a l u e s  a t  
All s e r r a t i o n s  reduced t h i s  peak v a l u e  by one-half  

P 

5.3 A i r f o i l  S t a t i c  P res su re  D i s t r i b u t i o n s  

As noted i n  t h e  prev ious  s e c t i o n ,  t h e  s e r r a t i o n s  had no e f f e c t  on t h e  

l i f t  curve  u n t i l  near  t h e  maximum 
w a s  observed except  nea r  t h e  l ead ing  edge. Examined i n  t h i s  s e c t i o n  are 
t h e  p r e s s u r e  e f f e c t s  near  t h e  l ead ing  edge t h a t  are caused by Reynolds 
number v a r i a t i o n  and by t h e  two s e r r a t i o n s  t e s t e d  i n  cons ide rab le  d e t a i l .  
Sur face  p re s su re  c o e f f i c i e n t  v e r s u s  chord f o r  t h e  f i r s t  3-1/2 pe rcen t  i s  
presented  i n  f i g u r e  1 5  f o r  t h e  b a s i c  a i r f o i l  fo r  f i v e  Reynolds numbers 

CL, and no o v e r a l l  e f f e c t  on C 
P 
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a long  w i t h  expe r imen ta l  v a l u e s  from McCullough and Gau l t  ( r e f .  7) and 
t h e o r e t i c a l  i n v i s c i d  f low r e s u l t s  from s e c t i o n  6 .  Peak minimuin C 

v a l u e s  occur  f o r  t h e  Reynolds number 1.75x106. Downstream o f  t h e  u s u a l  

peak i n  a i r f o i l  p r e s s u r e  d i s t r i b u t i o n s  t h e r e  are  i n  a l l  cases bumps i n  
t h e  p r e s s u r e  d i s t r i b u t i o n .  The p o s i t i o n  of t h e  bump moves forward w i t h  
Reynolds number and t h e  d e v i a t i o n  from a smooth cu rve ,  t h e  " s e v e r i t y "  of 
t h e  bump, appea r s  t o  be e s s e n t i a l l y  independent of Reynolds number. 
However, t h e  d a t a  from r e f e r e n c e  7 show a smaller bump and it i s  located 

f u r t h e r  downstream t h a n  t h o s e  i n  t h e  p r e s e n t  t es t s  a t  h i g h e s t  Reynolds 
number. Three p r e s s u r e  t a p s  a t  x/c = 0.0083 show c o n s i d e r a b l e  v a r i a t i o n  
i n  t h e i r  v a l u e s .  The bump i s  a s s o c i a t e d  w i t h  a r e g i o n  of  leading-edge 
s e p a r a t i o n ,  and t h e  l e a d i n g  and t r a i l i n g  edges o f  t h e  s e p a r a t i o n  zone 
from t h e  f low v i s u a l i z a t i o n  r e s u l t s  o f  t h e  nex t  s e c t i o n  are marked on 
two of t h e  p r e s s u r e  c u r v e s .  

P 

I n  f i g u r e  1 6  t h e  e f f e c t  of t w o  d i f f e r e n t  serrated edges i s  shown 
t o  g r e a t l y  r educe  the p r e s s u r e  bump o f  t h e  basic a i r f o i l .  The p r e s s u r e  
d i s t r i b u t i o n s  have been cont inued around o n t o  t h e  p r e s s u r e  s i d e  of  t h e  
a i r f o i l  toward t h e  s t a g n a t i o n  p o i n t ,  and t h e  s e r r a t i o n  t i p  p o s i t i o n s  a re  

i n d i c a t e d .  I n  f i g u r e  17 t h e  average of the three p r e s s u r e s  a t  x/c = 0.0083 
are p l o t t e d  v e r s u s  a n g l e  of  a t t a c k  f o r  t w o  Reynolds numbers and t h r e e  
c o n f i g u r a t i o n s :  bas ic ,  and B1-2 and B3-2 s e r r a t i o n s .  Gene ra l ly ,  t h e  
c u r v e s  d e v i a t e  from a smooth monotonical ly  i n c r e a s i n g  cu rve  by a n  amount 
approximating a s i n e  wave. Thc ampli tude of  t h i s  d e v i a t i o n  i s  g r e a t l y  
reduced by t h e  s e r r a t i o n s .  

5 . 4  S u r f a c e  F l o w  V i s u a l i z a t i o n  

Phosphorescent o i l  and b l a c k  l i g h t  s u r f a c e  f low v i s u a l i z a t i o n  photo- 
graphs are shown i n  f i g u r e s  18 and 1 9 .  The f l o w  is f r o m  l e f t  t o  r i g h t ,  
and the o i l  shows as  w h i t e  on the b lack  a i r f o i l ,  which is i n v i s i b l e  i n  
t h e s e  photographs.  The v c r t i c a l  w h i t e  band is  t h e  s e p a r a t i o n  bubble ,  

which was s t a t i o n a r y ,  and t h e  o i l  downstream of i t ,  to  t h e  r i g h t ,  w a s  
s l o w l y  moving downstream. Ficjurc 18 shows r e p r e s e n t a t i v e  r e s u l t s  a t  
R e  = 1 . 7 5 ~ 1 0 ~  f o r  the basic  a i r f o i l  and w i t h  s e r r a t i o n  B1-2. The p o s i t i o n  
of t h e  l ead ing  edge which  has been drawn o n t o  t h e  photographs on t h e  l e f t ,  
w a s  determined from other photographs i n  which t h e  a i r f o i l  w a s  v i s i b l e .  
For t h e  b a s i c  a i r f o i l  r e s u l t s  are shown f o r  two o i l s  o f  g r e a t l y  d i f f e r e n t  
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v i s c o s i t y .  There i s  a moderate d i f f e r e n c e  i n  t h e  t r a i l i n g - e d g e  p o s i t i o n s  
of  t h e  o i l  p a t t e r n s ,  b u t  t h e  o i l  i n  t h e  r e g i o n  of t h e  bubble i n  t h e  l o w e r  
h a l f ,  which has  t h e  g r e a t e r  v i s c o s i t y ,  has  n o t  y e t  reached equ i l ib r ium.  
The r i g h t  h a l f  of f i g u r e  1 8 ,  and f i g u r e  1 9  show t h e  e f f e c t s  of t w o  s e r r a t e d  
edges a t  t w o  Reynolds numbers. A t  a l l  a n g l e s  f o r  b o t h  c o n f i g u r a t i o n s  t h e  
s e r r a t i o n  spac ing  was observed as a p a t t e r n  imposed on t h e  s e p a r a t i o n  
r e g i o n  as o i l  wiped from t h e  s u r f a c e  i n  narrow wedges i n t o  t h e  s e p a r a t i o n  
r eg ion  from t h e  l e f t  and cor responding  bumps or  t ra i l s  of o i l  leaked  
from t h e  bubbles  a t  t he  t r a i l i n g  edge of t h e  s e p a r a t i o n  r eg ion .  This  
p a t t e r n  w a s  cen te red  d i r e c t l y  downstream from t h e  s e r r a t i o n  t i p s .  F lu id  
l e f t  t h e  s e p a r a t i o n  r e g i o n  when changing a n g l e  of a t t a c k  by b leeding  o u t  
through t h e  t r a i l i n g - e d g e  bump or trail. .  This  w a s  p a r t i c u l a r l y  obvious 
f o r  t h e  s e r r a t i o n  B2-8 ( f l g .  1 9 ) .  I n  f a c t ,  b leeding   from t h e s e  p o i n t s  
f o r  t h a t  s e r r a t i o n  cont inued  f o r  a long  t i m e  b e f o r e  equ i l ib r ium appeared 
t o  be  reached. 

The i n f l u e n c e  of t h e  c o n f i g u r a t i o n s  and t h e  a n g l e  of a t t a c k ,  o r  l i f t  

c o e f f i c i e n t ,  on t h e  p o s i t i o n  of  t h e  bubble s e p a r a t i o n  and a t tachment  i s  
shown i n  f i g u r e  20. The bubble g r a d u a l l y  moves forward almost t o  the  

l ead ing  edge w i t h  i n c r e a s i n g  a. There appears  t o  be a Reynolds number 
i n f l u e n c e  ( f o r  t h e  two v a l u e s  t e s t e d )  on ly  on t h e  s e p a r a t i o n  l i n e  f o r  t h e  
b a s i c  a i r f o i l .  The  s e r r a t i o n s  moved t h e  r ea t t achmen t  l i n e  forward.  The 
bubble p o s i t i o n  f r o m  t h e  work of Gaul t ,  r e f e r e n c e  6 ,  i s  i n d i c a t e d  i n  t h e  

f i g u r e .  

5.5 A i r f o i l  Su r face  P res su re  F l u c t u a t i o n s  

For t h e  b a s i c  a i r f o i l  and s e r r a t i o n s  B1-2 and B3-2, root-mean-square 
(RMS) v a l u e s  f r o m  t h e  f i f t e e n  m o s t  s i g n i f i c a n t  t r a n s d u c e r s  w e r e  determined 
f o r  a t o t a l  of 1 9 8  t e s t  c o n d i t i o n s  by vary ing  a n g l e  of a t tack  and v e l o c i t y  
(Reynolds number ) .  T h e  r e s u l t s  a r e  presented  here. The RMS p r e s s u r e  
f l u c t u a t i o n s  are made d imens ionless  by t h e  f ree-s t ream dynamic head and 

The RMS C is  t h e  r e s u l t i n g  p res su re  c o e f f i c i e n t  i s  denoted RMS C 

a f u n c t i o n  of p o s i t i o n  on t h e  a i r f o i l ,  ang le  of  a t t a c k ,  Reynolds number, 
and geometry. The e f f e c t s  of  these v a r i a b l e s  are presented  i n  f i g u r e s  21 
t o  28. All data  i n  t h i s  s e c t i o n  w e r e  ob ta ined  from t ape  r e c o r d s ,  and 
frequency response  i s  l i m i t e d  t o  20 K H z .  The d a t a  f o r  a l l  cu rves  p re sen ted  
i n  t h i s  s e c t i o n  a r e  f o r  t h e  40-percent spanwise p o s i t i o n  on the  a i r f o i l .  

P' P 
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Figures  2 1  and 22  show RMS C v e r s u s  x/c f o r  t h e  b a s i c  a i r f o i l  
P 

over  t h e  f i r s t  30  pe rcen t  of t h e  a i r f o i l  chord f o r  v a r i o u s  a n g l e s  of 
a t t a c k  €or Reynolds numbers of 1 . 7 5 ~ 1 0 ~  and 3 . 5 ~ 1 0 ~ ~  r e s p e c t i v e l y .  For 
a n g l e s  o f  O o  and g r e a t e r ,  t h e r e  i s  a s i g n i f i c a n t  sha rp  peak i n  RMS C 

i n  t h e  f i r s t  2 pe rcen t  of  t h e  a i r f o i l  chord.  Progress ing  downstream, 
u s u a l l y  t h e r e  i s  a minimum between 3 and 5 pe rcen t  of t h e  chord followed 
by a s l i g h t  rise and then  a minimum RMS C a t  about  20 pe rcen t  of t h e  
chord. Only one p r e s s u r e  t r ansduce r  w a s  l oca t ed  f u r t h e r  downstream t h a t  
w a s  i n  working cond i t ion ;  it w a s  a t  50-percent chord.  I n  90  pe rcen t  of 
t h e  cases, i t s  RMS C r ead ings  v a r i e d  from -15 pe rcen t  t o  +50 pe rcen t  
of t h e  RMS C v a l u e s  a t  30-percent chord ,  and t h e  average  v a l u e  w a s  a 
16-percent  i n c r e a s e  over  t h a t  a t  30-percent chord.  A s  many t r a n s d u c e r s  
as t h e r e  were l o c a t e d  near  t h e  l ead ing  edge, t hey  w e r e  no t  close enough 
t o  d e f i n e  c o m p l e t e l y t h e  peak i n  t h e  
approximation t o  t h e  maximum can u s u a l l y  be made. Th i s  peak is  ve ry  
s e n s i t i v e  t o  ang le  of a t t a c k .  S t a r t i n g  a t  a h igh  v a l u e  f o r  an angle  of 
Oo i n  f i g u r e  2 1 ,  it d rops  t o  a minimum a t  about  2 O ,  t h e n  rises aga in .  
The e f f e c t s  of ang le  of a t t a c k  on RMS C are d i scussed  more completely 
below. 

P 

P 

P 

P 

RMS C p  v a l u e s ,  b u t  a r easonab le  

P 

Curves of RMS C v e r s u s  x/c are shown i n  f i g u r e s  23 and 2 4  f o r  
P 

an  angle  of a t t a c k  of g o  a t  v a r i o u s  Reynolds numbers f o r  t h e  b a s i c  a i r f o i l  
and wi th  s e r r a t i o n  B 1 - 2 ,  r e s p e c t i v e l y .  Both p l o t s  show g e n e r a l l y  dec reas ing  
RMS C v a l u e s  wi th  i n c r e a s i n g  Reynolds numbers, b u t  peaks f o r  t h e  c l e a n  
a i r f o i l  do  n o t  dec rease  monotonical ly  w i t h  Reynolds number. The peak v a l u e  
i s  u s u a l l y  a t  1.36 p e r c e n t  of t h e  chord,  and t h e s e  v a l u e s  are c r o s s - p l o t t e d  
ve r sus  Reynolds number i n  f i g u r e  25  €or  ang le s  o f  a t t a c k  of O o ,  4O, 6.5', 
and go. 

nonzero a n g l e s  i s  noted.  I t  appears  t o  be damped o u t  a t  t h e  h i g h e s t  
Reynolds number, and c o u l d  be p a r t i a l l y  due t o  a chordwise s h i f t  i n  t h e  
p o s i t i o n  of t he  RMS C peak. With t h e  s e r r a t i o n  B1-2 t h i s  o s c i l l a t i o n  
does  n o t  occur ,  and t h e r e  i s  a monotonic d e c r e a s e  i n  
Reynolds number. 

P 

A c o n s i s t e n t  o s c i l l a t i o n  wi th  Reynolds number a t  t h e  t h r e e  

P 
RMS Cp w i t h  i n c r e a s i n g  

The l a s t  three RMS C cu rves ,  f i g u r e s  2 6 ,  2 7 ,  and 2 8 ,  are p l o t s  f o r  
P 

t h e  f i r s t  fou r  p re s su re  t r ansduce r s  c l o s e s t  to  t h e  l ead ing  edge ve r sus  
ang le  of a t t a c k  f o r  t h e  basic a i r f o i l  and w i t h  s e r r a t i o n  B1-2 .  The t h r e e  

curves  are f o r  Reynolds numbers 1 . 7 5 x 1 0 6 ,  3 . 5 ~ 1 0 ~ ~  and 6 . 2 ~ 1 0 ~ ~  r e s p e c t i v e l y .  
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These are t h e  same type  of p l o t s  as i n  f i g u r e  13 ,  b u t  t h e r e  on ly  t h e  

p r e s s u r e  t r ansduce r  a t  0.83 p e r c e n t  of t h e  chord w a s  p l o t t e d  t o  show t h e  . 
e f f e c t  of  t h e  v a r i o u s  s e r r a t i o n s .  Genera l ly ,  t h e  cu rves  f o r  t h e s e  f o u r  
p r e s s u r e  t r a n s d u c e r s  s t a r t  h igh  a t  Oo ang le  of a t t a c k  then  drop  t o  a minimum 
between lo and 2O, then  rise monotonical ly  wi th  ang le  of a t t a c k  t o  s t a l l ,  
excep t  f o r  t h e  f i r s t ,  and sometimes t h e  second t r ansduce r .  
and go t h e r e  i s  i n  a l l  cases a sharp  peak i n  t h e  
f i r s t  t r ansduce r  a t  0.83-percent chord.  For t h e  c l e a n  a i r f o i l  t h i s  

r eaches  t h e  h i g h e s t  RMS C va lue .  This  cu rve  f o r  f i g u r e  27 i s  t h e  
s a m e  a s  t h a t  f o r  t h e  b a s i c  a i r f o i l  i n  f i g u r e  13 ,  b u t  t h e  l a te r  r e s u l t s  
w e r e  n o t  l i m i t e d  i n  f requency response .  A s  i s  noted i n  s e c t i o n  5 . 6 ,  t h e r e  
i s  cons ide rab le  energy i n  t h e  spectrum a t  v e r y  h igh  f r equenc ie s .  This  
accoun t s  f o r  t h e  d i f f e r e n c e  i n  t h e  h e i g h t s  of  t h e s e  peaks i n  f i g u r e s  1 3  

and 27 .  

Between 7 O  

curve  f o r  t h e  RMS C 
P 

P 

The e f f e c t s  of t h e  s e r r a t i o n  B1-2 are now cons idered .  For t h e  l o w e r  
t w o  Reynolds numbers, f i g u r e s  26 and 27, t h e  peak v a l u e s  f o r  t h e  f i r s t  
p re s su re  t r ansduce r  i s  g r e a t l y  reduced b u t  t h e  v a l u e s  f o r  t h e  second 
t r ansduce r  are g r e a t l y  inc reased ,  g e n e r a l l y  wi th  a maximum a t  an  a n g l e  
of 7-1/2O. 

g r e a t e s t  i n  t h e  r eg ion  of  8 . 
e f f e c t  a t  t h e  h i g h e s t  Reynolds number, bu t  f requency l i m i t a t i o n s  of t h e  
t a p e  r eco rd ings  may s e v e r e l y  a f f e c t  t h e s e  r e s u l t s  because of t h e  h ighe r  

v e l o c i t y .  Changing f 3 ,  t h e  ang le  of t h e  s e r r a t i o n ,  has  a l a r g e  ( f a c t o r  of 2 

or 3 )  e f f e c t  on t h e  f i r s t  t r ansduce r  a t  an ang le  of a t t a c k  of 6-1/Z0, a 15- 
percen t  e f f e c t  a t  g o ,  and a t  
e f f e c t  w a s  n e g l i g i b l e .  
t o  g o ,  no c o n s i s t e n t  e f f e c t s  of f3 v a r i a t i o n  could  be noted wi th  e i t h e r  
s e r r a t i o n ,  B1-2 or B3-2. Data f o r  t h e  l a t t e r  s e r r a t i o n  are no t  p re sen ted ,  
s i n c e  they  c o n t a i n  no s i g n i f i c a n t  d i f f e r e n c e s  from t h e  r e s u l t s  of  t h e  o t h e r  
s e r r a t i o n .  There i s  on ly  a v e r y  s m a l l  d i f f e r e n c e  i n  t h e  RMS C v a l u e  of 
t h e  second t r ansduce r  between s e r r a t e d  edges B1-2 and B3-2 and no d i f f e r -  
ence i n  t h e s e  v a l u e s  a t  t h e  t h i r d  and f o u r t h  t r ansduce r  p o s i t i o n s .  Both 
s e r r a t i o n s  cause  t h e s e  l a t t e r  two t r a n s d u c e r s  t o  i n d i c a t e  somewhat h ighe r  
RMs C v a l u e s  than  f o r  t h e  c l e a n  a i r f o i l .  

The peak v a l u e s ,  though, f o r  t h e  f i r s t  t r ansduce r  are t h e  
0 The serrated edge o n l y  has  a ve ry  s m a l l  

f3 a n g l e s  o u t s i d e  t h i s  s e n s i t i v e  r eg ion ,  t h e  

In  t h i s  s e n s i t i v e  range  of angle  of  a t t a c k ,  6-1/2O 

P 

P 
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The RMS C v a l u e s  f o r  t h e  p r e s s u r e  t r ansduce r  a t  X/C = 0.0083 
P 

chord and 85-percent  span are e s s e n t i a l l y  t h e  s a m e  as f o r  t h o s e  of t h e  
t r ansduce r  a t  t h e  same chordwise p o s i t i o n  a t  40  p e r c e n t  span,  though 
v a l u e s  f o r  t h e  former tend  to  average  about  1 0  p e r c e n t  g r e a t e r .  Thus, 
spanwise v a r i a t i o n s  nea r  t h e  l ead ing  edge, o t h e r  than  p o s s i b l e  c y c l i c  
ones due t o  s e r r a t e d ' e d g e s ,  appear  t o  have been minimal over  m o s t  of t h e  
a i r f o i l  span. 

5.6 Frequency Analys is  of Sur face  P r e s s u r e  F l u c t u a t i o n s  

A s  noted i n  s e c t i o n  4 . 3 ,  two methods of a n a l y s i s  of  t h e  p r e s s u r e  
f l u c t u a t i o n s  were used,  bo th  based on t h e  t a p e  r eco rd ings .  The f i r s t  
employed a S p e c t r a l  Dynamics Analyzer se t  t o  average  t h e  s p e c t r a  of 256  

ensembles. The second method, which produced c o r r e l a t i o n s  between s i g n a l s ,  
used t h e  hybr id  a n a l o g - d i g i t a l  method d e s c r i b e d  earlier. While on ly  a 
s m a l l  amount of d a t a  w a s  ana lyzed ,  t h e  e s s e n t i a l s  of  t h e  p r e s s u r e  f l u c t u a -  
t i o n  process  near  t he  a i r f o i l  l ead ing  edge w e r e  determined and are presented  
he re .  A l l  d a t a  p re sen ted  i n  t h i s  s e c t i o n  are from t h e  40-percent spanwise 
l o c a t i o n .  

F igure  29  i s  a composite of o s c i l l o s c o p e  traces from seven p r e s s u r e  
t r ansduce r s .  Both p r e s s u r e  v e r s u s  t i m e  and corresponding energy s p e c t r a  
from t h e  f i r s t  of  t h e  above methods of a n a l y s i s  a r e  inc luded .  F low condi-  
t i o n s  are f o r  t h e  basic a i r f o i l  a t  a n  a n g l e  of a t t a c k  of go and 
1 . 2 ~ 1 0 ~ .  
nen t  wi th  a wave l e n g t h  of  roughly  1 c m ,  which would r e s u l t  i n  a frequency 
of 8 K H z .  

w i t h  t h e  photos  va ry  by as  much a s  a n  o rde r  of magnitude due t o  t h e  d i f f e r i n g  
t r ansduce r  a m p l i f i e r  g a i n s .  I f  a l l  t h e s e  s e n s i t i v i t i e s  w e r e  t h e  s a m e  as 
t h a t  f o r  any of t h e  l a s t  f o u r  traces, t h e  t o p  trace i n  f i g u r e  2 9 ( a )  would 
have 1 0  t i m e s ,  and t h e  nex t  t w o ,  about  3 t i m e s  l a r g e r  o s c i l l a t i o n s .  The 
RMS C v a l u e s  w e r e  measured independent ly  us ing  a much l a r g e r  time segment 
t h a n  i n  t h e  traces,  as  i s  also t h e  case f o r  t h e  s p e c t r a .  ( A l s o ,  it should 
be noted t h a t  t h e s e  seven t i m e  traces were taken  independent ly  of  each 
o t h e r ,  so they  cannot  be examined v i s u a l l y  €or c o r r e l a t i o n s  between them.) 
The s p e c t r a  i n  f i g u r e  29(b)  are p resen ted  a s  log (energy)  v e r s u s  l o g  ( f r equency) .  

The v e r t i c a l  c a l i b r a t i o n  i s  approximately 1 0  dB/cm and t h e  energy l e v e l s  
are based on t h e  s a m e  a m p l i f i e r  g a i n  as t h e  p r e s s u r e  s i g n a l s .  The f i r s t  

R e  of 
Some of t h e  samples of t h e  traces show a l a r g e  s i n e  wave compo- 

I t  should be noted t h a t  t h e  v e r t i c a l  scale f a c t o r s ,  Cp/cm, l i s t e d  

P 
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f o u r  s p e c t r a  show a h igh  frequency peak. For t h e  f i r s t  t h r e e  s p e c t r a  t h i s  
peak i s  a t  7.0 K H z ,  and so is  due t o  t h e  s i n e  wave noted i n  t h e  p r e s s u r e  . 
s i g n a l  traces. There i s  s t i l l  an  a p p r e c i a b l e  bump i n  t h e  spectrum a t  
about  t h i s  f requency a t  t h e  5-percent  chord p o s i t i o n .  Two a d d i t i o n a l ,  
h igher  f requency peaks are observed i n  t h e  f i r s t  speckrum a t  46 and 95 
pe rcen t  g r e a t e r  f r e q u e n c i e s  than  t h a t  of  t h e  fundamental  peak. 

The s imultaneous traces f o r  t h e  f i r s t  and second t r a n s d u c e r s  
(x/c = 0.0083 and 0.0136, r e s p e c t i v e l y )  are shown i n  f i g u r e  3 0 ( a )  f o r  t h e  
b a s i c  a i r f o i l  a t  t h e  same 9 . 4 O  a n g l e  of a t t a c k ,  b u t  a t  t w i c e  t h e  Reynolds 
number. The t o p  trace shows e x c e p t i o n a l l y  w e l l  a s i n e  wave component i n  
t h e  s i g n a l  a t  3 cycles/cm, which i s  a frequency of  24 K H z .  Spec t r a  are 
shown f o r  t h e  f i r s t  t r ansduce r  i n  t h e  t o p  photo and f o r  t h e  nex t  two 
t r a n s d u c e r s  i n  t h e  lower photo of f i g u r e  3 0 ( b ) .  The a b s c i s s a  ex tends  t o  
t w i c e  as g r e a t  a v a l u e ,  4 0  K H z ,  f o r  these s p e c t r a  as compared t o  t h o s e  
i n  f i g u r e  2 9 ( b ) .  However, wh i l e  t h e  o r i g i n a l  t a p e  r eco rd ing  inc luded  
f u l l  response  to  4 0  K H z ,  t h e  e l e c t r o n i c s  i n  t h e  playback system s t a r t e d  t o  
r o l l  o f f  a t  20  KHz, so t h e  l a s t  1 -1 /4  c m  ( g r i d  i s  1 0  c m  long)  of spectrum 
becomes more a t t e n u a t e d .  All t h r e e  s p e c t r a  show a sha rp  peak a t  17 .5  K H z ,  

and t h e  f i rs t  t r ansduce r  has  t h r e e  peaks a t  h igher  f r equenc ie s  of  2 0 ,  

23-1/2, and 26-1/2 KHz b e s i d e s  several peaks a t  l o w e r  f r equenc ie s .  

Spec t r a  f o r  t h e  s a m e  se t  of t r a n s d u c e r s  i n  f i g u r e  29 are shown i n  
f i g u r e  31 f o r  a n g l e s  of  a t t a c k  of 4O and 6-1/2O f o r  t h e  b a s i c  a i r f o i l  a t  
R e  = 1 . 2 ~ 1 0 ~ .  

t h e  combined e f f e c t s  of ang le  of a t t a c k  and chordwise p o s i t i o n  upon t h e  
shape o f  t h e  power s p e c t r a  are presented .  Only a t  t h e  l o w e s t  a n g l e  of  
a t t a c k  are t h e r e  no h igh  frequency peaks i n  t h e  s p e c t r a  from t h e  f i r s t  
t r ansduce r .  There i s  a s i n g l e  peak i n  t h e  s p e c t r a  of t h e  fo l lowing  
t r ansduce r s  which d e c r e a s e s  i n  i n t e n s i t y  u n t i l  it appears  a s  on ly  a broad 

hump. 

With f i g u r e  2 9 ,  which i s  f o r  t h e  s a m e  c o n d i t i o n s  b u t  a t  go, 

Spec t r a  f o r  t h e  second and t h i r d  t r a n s d u c e r s  (x/c = 0.0136 and 0.0189, 
r e s p e c t i v e l y )  as obta ined  from t h e  a n a l o g - d i g i t a l  a n a l y s i s  technique  are 
presented  i n  f i g u r e  32 on log-log scales. The ang le  of  a t t a c k  f o r  bo th  
f i g u r e s  i s  go. 
numbers, and f o r  t h e  B1-2 s e r r a t e d  edge a t  one Reynolds number. I t  is  
impractical to  p r e s e n t  t h e  d a t a  p o i n t s  a s s o c i a t e d  wi th  t h e  cu rves  a s  t h e r e  
are 1 0 6  p o i n t s  p e r  curve .  However, f o r  t h e  cu rves  presented  t h e  scatter i s  

R e s u l t s  are shown f o r  t h e  b a s i c  a i r f o i l -  a t  v a r i o u s  Reynolds 
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seldom more than  1 dB. All curves  show t h e  h igh  f requency  peak observed 

above, and t h e  ampl i tude  i s  a s t r o n g  f u n c t i o n  of  Reynolds number. The 
s e r r a t e d  edge reduced t h e  peak by 3.5 d B .  

The coherence of  t h e  c r o s s - s p e c t r a l  d e n s i t y  f u n c t i o n  (see t h e  Appendix 
f o r  d e f i n i t i o n s )  of t h e  second and t h i r d  p r e s s u r e  t r a n s d u c e r s  are shown 
i n  f i g u r e  33. There i s  s i g n i f i c a n t  coherence i n  t h e  s i g n a l s  a t  a s i n g l e  
high S t r o u h a l  number which i s  t h e  same a s  f o r  t h e  peak i n  t h e  s p e c t r a  i n  
f i g u r e  33 f o r  R e  = 1 . 2 ~ 1 0 ~ .  Data p o i n t s  i n  t h e  pe'ak r e g i o n  are inc luded  
f o r  t h e  dashed cu rve ,  R e  = 1 . 2 ~ 1 0 ~  
The o t h e r  curves ,  where drawn, a r e  a l l  v e r y  w e l l  d e f i n e d  wi th  v e r y  l i t t l e  
sca t te r  of  t h e  d a t a  p o i n t s .  

as  they  showed t h e  g r e a t e s t  scat ter .  

Convection v e l o c i t y ,  normalized by t h e  f r ee - s t r eam v a l u e ,  and t h e  
phase a n g l e  f o r  t h e  above coherence c u r v e s  a r e  ve ry  s e n s i t i v e  to  f requency ,  
b u t  a t  t h e  peaks of t h e  coherence c u r v e s  t h e  a n g l e s  are a l l  
Thus t h e  wavelength which correlates b e s t  between t h e  second and t h i r d  
t r a n s d u c e r s  has  e s s e n t i a l l y  t h e  l e n g t h  of t h e  spac ing  between them, which 
i s  0.508 c m  ( 0 . 2  i n ) .  The average  r a t i o  of local  t o  f r ee - s t r eam v e l o c i t y  
between t h e s e  two p o i n t s  i s  1 . 6 2 .  T h i s  r e s u l t s  i n  a r a t i o  of  narrow-band 
convec t ion  v e l o c i t y  t o  l o c a l  v e l o c i t y  of  0 . 9 0  a t  t h e  frequency parameter  

fc/Vo 
t h e  b a s i c  a i r f o i l  t h e  S t r o u h a l  number o f  t h e  peaks i n  t h e  s p e c t r a  
i n  f i g u r e  32 i n c r e a s e s  wi th  i n c r e a s i n g  Reynolds number. These v a l u e s  a r e  

l i s t e d  i n  Table  I. S t a r t i n g  a t  R e  = 2 . 7 ~ 1 0 ~  t h e  peak i s  a t  a g r e a t e r  
f requency than  2 0  KHz  ana  o f f  scale i n  t h e  hybr id  a n a l y s e s .  

2vk0.4  r a d i a n s .  

of  about  2 5 0 ,  where t h e  coherence f u n c t i o n s  are g r e a t e s t .  For 

fc/Vo 

5.7 Summary of Wind-Tunnel R e s u l t s  

The v i s u a l i z a t i o n  o f  t h e  a i r f o i l  leading-edge surface f low i n  
f i g u r e s  18 and 1 9  shows t h a t  f o r  t h e  b a s i c  a i r f o i l  t h e r e  e x i s t s  a two- 
dimensional  bubble.  The s e r r a t i o n s  d iv ided  t h i s  bubble  i n t o  segments,  

and t h e y  changed i t s  a x i a l  p o s i t i o n  by a s m a l l  amount. I n  both  cases t h e  
bubble moves f a r  forward wi th  i n c r e a s i n g  a n g l e  of a t t a c k .  

Twelve s e r r a t e d  edges  w e r e  tested. They d i d  n o t  produce,  as i n  t h e  
e a r l i e r  t es t s  of r e f e r e n c e  2 ,  any a p p r e c i a b l e  change i n  t h e  maximum l i f t  
c o e f f i c i e n t .  They d i d  n o t  add any measurable  d r a g  and tended t o  make t h e  
s t a l l  less v i o l e n t .  A bump i n  t h e  s u r f a c e  s t a t i c  p r e s s u r e  d i s t r i b u t i o n  
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due t o  t h e  bubble w a s  g r e a t l y  reduced by t h e  s e r r a t i o n s .  The uns teady  

s i g n a l  f r o m  t h e  p r e s s u r e  t r ansduce r  m o s t  s e n s i t i v e  t o  t h e  s e r r a t i o n ,  
g e n e r a l l y  i n  t h e  c e n t e r  of t h e  bubble ,  and t h e  a i r f o i l  moment s t r a i n  
f l u c t u a t i o n  w e r e  monitored f o r  t h e  twelve s e r r a t i o n s .  The moment r o o t -  
mean-square s i g n a l  w a s  reduced a t  h ighe r  a n g l e s  of a t t a c k .  A v e r y  l a r g e  
peak i n  t h e  p r e s s u r e  t r ansduce r  s i g n a l  a t  a l i f t  c o e f f i c i e n t  of 0.6 w a s  
reduced i n  vary ing  amounts by t h e  v a r i o u s  s e r r a t i o n s .  Th i s  l a t te r  
r educ t ion  w a s  i n s e n s i t i v e  t o  s e r r a t i o n  p o s i t i o n  b u t  c o r r e l a t e d  w e l l  wi th  
s e r r a t i o n  spac ing ,  t h e  maximum r e d u c t i o n  cor responding  t o  t h e  smallest 
spacing of  0.508 c m  ( 0 . 2  i n ) .  There w a s  a monotonic d e c r e a s e  towards 
t h i s  va lue ,  and a smaller s e r r a t i o n  s i z e  may produce f u r t h e r  r e d u c t i o n .  

The b a s i c  a i r f o i l  and t h e  a i r f o i l  wi th  t h e  t w o  b e s t  s e r r a t e d  edges 

(reduced peak p r e s s u r e  f l u c t u a t i o n s  t h e  m o s t )  w e r e  t e s t e d  i n  more d e t a i l  f o r  
1 . 2 ~ 1 0 ~  < R e  < 6 . 2 ~ 1 0 ~ .  The ve ry  l a r g e  peak i n  RMS E under t h e  laminar  
bubble or near  i t s  t r a i l i n g  edge ex tends  on downstream. A t  about  t h r e e  
bubble l e n g t h s  t h e  peak RMS v a l u e  i s  reduced 90  pe rcen t  toward t h e  s lowly 
changing v a l u e  over  t h e  rest of t h e  a i r f o i l .  Large e f f e c t s  on RMS C w e r e  
observed wi th  on ly  smal l  changes i n  Reynolds number. For t h e  b e s t  case, a t  
R e  = 1 . 7 5 ~ 1 0 ~ ~  t h e  peak RMS C w a s  reduced from 0 . 4 1  t o  0.24 wi th  t h e  
s e r r a t e d  edge B1-2 .  

P - - 

P 

P 

From t h e  s i g n a l  of t h e  f i r s t  few t r a n s d u c e r s  an  i n t e n s e ,  h igh  frequency 
peak i n  t h e  power s p e c t r a  w a s  observed,  which weakens wi th  i n c r e a s i n g  

x/c.  The frequency of t h i s  peak i s  a f u n c t i o n  of Reynolds number, and 

a s i n e  wave component a t  t h i s  f requency i s  e a s i l y  r ecogn izab le  i n  f a s t  
o s c i l l o s c o p e  traces of the  s i g n a l .  The f i r s t  t r ansduce r  also conta ined  
o t h e r  d i s c r e t e  energy components. Between t h e  second and t h i r d  t r a n s d u c e r s  
t h e r e  w a s  e x c e l l e n t  c o r r e l a t i o n  i n  t h e  s i g n a l s  a t  or  near  t h i s  f requency.  
The s e r r a t i o n  B1-2 cons ide rab ly  reduced t h i s  energy peak. 

6 .  THEORY AND EXPERIMENT FOR LOW REYNOLDS NUMBER FLOWS 

6 . 1  With No Leading-edge S e r r a t i o n s  

S ince  t h e  o r i g i n  of t h i s  i n v e s t i g a t i o n  i s  t h e  owl 's  s i l e n t  f l i g h t ,  it 
is  w e l l  t o  cons ide r  t h e  o w l  wing a t  t h e  o n s e t .  The b a s i c  f a c t s  are 

(1) The owl, which f eeds  on s m a l l  r o d e n t s ,  e tc . ,  must be unseen and 

unheard by i t s  prey  d u r i n g  i t s  approach. Its remarkable n i g h t  v i s i o n  
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appa ren t ly  a s s u r e s  t h e  "unseen" requirement .  The downy f e a t h e r s  and t h e  
leading-edge r ake  (or r a k e s )  appa ren t ly  a s s u r e s  t h e  "unheard" requirement .  

( 2 )  The Reynolds number of  t h e  o w l  is  so lowb(of  t h e  o r d e r  of  5X1O4, 

more o r  less) t h a t  completely laminar  f low would be expected f o r  a conven- 
t i o n a l  wing. The presence  of t h e  leading-edge r a k e  i s  a p p a r e n t l y  t o  promote 

some t u r b u l e n t  f low on t h e  wing. 

For such a l o w  Reynolds number, tests i n  w a t e r  are i d e a l  f o r  f low 
v i s u a l i z a t i o n  because o n l y  a v e r y  l o w  v e l o c i t y  i s  r equ i r ed .  
a i r f o i l '  of 30 .48  c m  (1 f t )  chord w a s  a v a i l a b l e  from Ames Research Center .  
A wheeled c a r r i a g e  w a s  c o n s t r u c t e d  t o  o p e r a t e  on tracks mounted on a 
ba th tub  (see f i g .  3 4 )  and t o  c a r r y  t h e  a i r f o i l  i n  a v e r t i c a l  p o s i t i o n .  
A constant-speed e lectr ic  motor w a s  used t o  d r i v e  a caps t an  which served  
t o  tow t h e  c a r r i a g e  a t  a c o n s t a n t  speed of  7 . 6 2  cm/sec ( 3  i n / sec )  a f t e r  
t h e  i n i t i a l  release. The 
o b j e c t  i n  t h e s e  tests was t o  observe  and photograph t h e  f low a f t e r  i n t r o -  
ducing a r ed  dye ( S c h i l l i n g ' s  r ed  food c o l o r i n g )  on t h e  h y d r o f o i l  s u r f a c e  
near  t h e  s t a g n a t i o n  p o i n t  j u s t  p r i o r  t o  release of t h e  c a r r i a g e .  The camera 
w a s  l o c a t e d  so t h a t  a s e c t i o n  view w a s  a v a i l a b l e  i n  t h e  lower p a r t  of  t h e  
photograph whi le ,  u s ing  an i n c l i n e d  mirror above t h e  w a t e r  s u r f a c e  a p l an  
view w a s  a v a i l a b l e  i n  t h e  upper p a r t  of t h e  s a m e  photograph. 

An o l d  test 

Th i s  gave a t e s t  Reynolds number of 2 . 5 ~ 1 0 ~ .  

The boundary-layer f low on t h e  a i r f o i l  w a s  l amina r ,  as expected.  
F igure  35 i s  t h e  b e s t  photograph ob ta ined  showing t h e  f low on t h e  s u c t i o n  
s u r f a c e  of t h e  h y d r o f o i l ,  though cons ide rab ly  b e t t e r  f low v i s u a l i z a t i o n  was 
observed. 
Both chordwise and spanwise bands of dye can be noted.  Because of t h e  
i n e v i t a b l e  nonun i fo rmi t i e s  i n  manually d e p o s i t i n g  t h e  l i n e  of  dye us ing  a 
hypodermic tube ,  t h e  chordwise dye p a t t e r n  would develop ,  b u t  it w a s  d e t e r -  
mined from o t h e r  f low v i s u a l i z a t i o n  runs  no t  t o  be due t o  any spanwise 
nonuniformity i n  t h e  flow. I n  one t es t  some dye a c c i d e n t a l l y  in t roduced  

This  photograph i s  f o r  an angle  of a t t a c k  of  about  7 O  (CL 0.6). 

'This  a i r f o i l  of maximum t h i c k n e s s  somewhat less than  7 pe rcen t  of t h e  chord 
d i d  n o t  appear t o  be any p a r t i c u l a r  NACA s e c t i o n .  The o r d i n a t e s  measured 
and t h e  computed v e l o c i t y  c h a r a c t e r i s t i c s  a r e  g iven  i n  Table 111. The 
v e l o c i t y  c h a r a c t e r i s t i c s  were c a l c u l a t e d  i n  a s i m i l a r  manner t o  those  f o r  
t h e  63-009 a i r f o i l  i n  r e f e r e n c e  5. 
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near t h e  t r a i l i n g  edge showed t h a t  a von Karman vortex street  had formed i n  
t h e  wake. I n  f i g u r e  35, t h e  f i r s t  chordwise band i s  an  o s c i l l a t i n g  separa-  
t i o n  bubble.  The downstream bands are c o n c e n t r a t i o n s  of dye-marked f l u i d  
c r e a t e d  by t h e  a l t e r n a t e  a c c e l e r a t i o n  and d e c e l e r a t i o n  of t h e  f low over  t h e  
su r face .  The uns t ead iness  of t h e s e  bands and t h e  s e p a r a t i o n  bubble w a s  
caused by t h e  changing l i f t ,  or bound v o r t i c i t y  of t h e  h y d r o f o i l ,  as v o r t i c e s  
w e r e  shed t o  form t h e  von Karman v o r t e x  street .  I n  some c a s e s  t h e  down- 
stream bands degenerated i n t o  v o r t i c e s  wi th  spanwise al ignment  of t h e i r  
cores. Observat ions a t  s m a l l  ang le  o f  a t t a c k  (0.5O) showed no d i s t i n c t  
bands t o  be p r e s e n t  a t  least  over t h e  forward 50 pe rcen t  of t h e  s u r f a c e .  
A t  moderate a n g l e s  of a t t a c k  (3O, corresponding t o  0.25) up t o  t h e  

maximum s t u d i e d  ( 7 O )  t h e  banded p a t t e r n  appeared and t h e  spac ing  of t h e  
bands w a s ,  as b e s t  could be observed ,  t h e  s a m e .  

CL 

Roshko ( r e f .  11) has cons idered  i n  g r e a t  d e t a i l  bo th  by c a l c u l a t i o n s  
and experiment shedding f r equenc ie s  f o r  a number of  shapes inc lud ing  t h e  
c l a s s i c  c a s e  of  t h e  c i r c u l a r  c y l i n d e r .  For a c i r cu la r  c y l i n d e r  of d iameter  
d of 0.638 c m  (0.25 i n )  over a range  of Reynolds numbers from 880 t o  4,870 
he g i v e s  average  v a l u e s  f o r  1 4  c a s e s  f o r  S t r o u h a l  number S I  vor t ex  
street  v e l o c i t y  VV, v o r t e x  street  width d ' ,  and v e l o c i t y  a t  s e p a r a t i o n  Vs: 

.7 

s = - -  fd  - 0.208 
vO 

- -  d l  - 1 . 2 0 2  
d 

- _  - 1.336 vS 

vO 

where t h e  f ree-s t ream v e l o c i t y  i s  
I n  f i g u r e  3 6 ( a )  i s  diagrammed t h e  wake vo r t ex  f low as Roshko d e f i n e s  it f o r  
a c i r c u l a r  c y l i n d e r .  

Vo and v o r t e x  shedding frequency,  f .  

Of p a r t i c u l a r  importance i s  Roshko's employment of t h e  concept  o f  
t h e  " u n i v e r s a l  S t rouha l  number of  t h e  wake" which, he a r g u e s ,  should be 
e s s e n t i a l l y  independent of t h e  shape of t h e  b l u f f  body which promotes t h e  
wake. I f  t h e  v e l o c i t y  o u t s i d e  t h e  wake is ,  on t h e  average ,  t h e  " sepa ra t ion"  
v e l o c i t y  Vs, then t h e  wake S t rouha l  number is de f ined  as 
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For a c i r cu la r  c y l i n d e r ,  t h e  average va lue  he f i n d s  i s  

S* = 0.187 

b u t  it does  change s l i g h t l y  wi th  Reynolds number. Moreover, it i s  somewhat 
less f o r  b l u n t  bodies  w i t h  f l a t  forward f a c e s .  

For a b l u n t  base  h y d r o f o i l  o r  a i r f o i l ,  t h e  concept  of t h e  wake 

S t rouha l  number can aga in  be of v a l u e  i n  formula t ing  t h e  mathematical  
model (see f i g .  36(b)). However, it must be recognized t h a t  f low from t h e  
b l u n t  t r a i l i n g  edge of t h e  f o i l  must d i f f e r  from a b l u n t  c y l i n d e r  i n  
s e v e r a l  impor tan t  r e s p e c t s .  

F i r s t ,  f o r  t h e  c y l i n d e r  t h e  e f f e c t s  of v i s c o s i t y  on t h e  wake f low 
are e s s e n t i a l l y  conf ined  t o  t h e  shear  l a y e r  con ta in ing  t h e  v o r t i c e s .  
That i s ,  t h e  f low i s  n e a r l y  a n  i n v i s c i d  one excep t  i n  t h e  shea r  l a y e r .  
Thus, t h e  r a t i o  of vo r t ex  s t reet  wid th ,  d ’ ,  t o  t h e  c y l i n d e r  d i ame te r ,  d ,  
should be f i x e d .  For t h e  f o i l ,  t h e  v o r t i c e s  must o r i g i n a t e  w i t h i n  t h e  
r e l a t i v e l y  t h i c k  t r a i l i n g - e d g e ,  upper-and-lower-surface boundary l a y e r s ,  
and t h e  th i cknesses  of these l a y e r s  must be added t o  t h e  phys ica l  t h i c k n e s s  
of  t h e  t r a i l i n g  edge t o  o b t a i n  t h e  e f f e c t i v e  t h i c k n e s s  of t h i s  b l u n t  body. 

NOW, it i s  w e l l  known t h a t  f o r  a laminar  f low t h e  boundary-layer 
t h i c k n e s s  v a r i e s  i n v e r s e l y  wi th  t h e  square  r o o t  of t h e  Reynolds number. 

For example, f o r  one s i d e  of a f l a t  p l a t e  t h e  d isp lacement  t h i c k n e s s ,  6*, 

i n  t e r m s  of t h e  chord,  c ,  i s  

6 *  - 1.73 - - -  
“ 7 F t e  

so t h a t  f o r  t h e  t w o  s u r f a c e s  (upper and lower) of a wing t h e  t o t a l  d i s -  

placement t h i c k n e s s  would be t w i c e  t h i s  va lue .  

It i s  expected t h a t  v o r t i c e s  which o r i g i n a t e  w i t h i n  t h e  t r a i l i n g - e d g e  
boundary l a y e r s  w i l l  be formed a t  some m u l t i p l e  of 6 *  from t h e  s u r f a c e .  
Therefore ,  it has been assumed t h a t  t h e  width of  t h e  vo r t ex  street  can be 
found a s  t h e  sum of t h e  a c t u a l  t r a i l i n g - e d g e  t h i c k n e s s  and a f a c t o r  W1.73 
of t h e  t w o  (upper and lower s u r f a c e )  d i sp lacement  t h i c k n e s s e s ,  o r  
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Second, it i s  t o  be expected t h a t  t h e  v e l o c i t y  cor responding  t o  t h e  
s e p a r a t i o n  v e l o c i t y ,  Vs, f o r  t h e  c y l i n d e r  w i l l  be a n  e f f e c t i v e  t r a i l i n g -  

edge v e l o c i t y ,  ';.e. 1 

l a y e r ,  V t a e ,  , bu t  bear ing  a f i x e d  r e l a t i o n  w i t h  
something less than  t h e  v e l o c i t y  o u t s i d e  t h e  boundary 

V t , e , .  

Given t h e  experimental  S t r o u h a l  number f o r  an a i r f o i l  

it can be r e l a t e d  t o  V;.em/Vt.e wi th  t h e  express ion  ( V i m e  i s  i n t e r -  

changed w i t h  V s ) :  

't.e. S*  

Rearranging t h e  above equat ion  and s u b s t i t u t i n g  €or ( d ' / c )  on t h e  p rev ious  

Page I 

d l  - S (0.00917 + - 

The t e r m s  on t h e  f a r  le f t -hand  s i d e  should a l l  be c o n s t a n t s .  Assuming 

t h i s ,  the  d a t a  f o r  t h e  NACA 0012 wing t e s t  (see Table  I ) 2  w e r e  used t o  d e t e r -  
mine t h a t  t h e  b e s t  v a l u e  €or k is  7 . 3 .  F i n a l l y ,  u s ing  t h i s  v a l u e ,  t h e  
v a l u e  of S* f o r  t h e  c i r c u l a r  c y l i n d e r  (0.187) and Vtee./Vo f o r  t h e  
NACA 0012 (0.9361, 

The fo l lowing  t a b l e  g i v e s  t h e  va lues  €or t h e  needed v e l o c i t y  r a t i o .  

+ s  exP . e .lVt .e. Vo, €t/sec 
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60 
100  

287 5.00 0.989 
447 6.67 .972 
58 0 8.00 .994 

21t should be noted t h a t  t h e  phys ica l  t h i c k n e s s  f o r  t h e  t r a i l i n g  edge of t h i s  
wing is  cons ide rab ly  g r e a t e r  t han  it should be f o r  a t r u e  NACA 0012 s e c t i o n  
The a c t u a l  t h i cknesses  w e r e  provided by t h e  B o l t ,  Beranek 6, Newman Company. 
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These r e s u l t s  are ve ry  g r a t i f y i n g  i n  t h a t  t hey  i n d i c a t e  n e a r l y  t h e  same 
v a l u e  of V t . e . / V t . e ,  f o r  a l l  Reynolds numbers ( w e l l  w i t h i n  t h e  expe r imen ta l  

scatter f o r  S which i s  about 10 p e r c e n t ) .  Using t h e  average  of  t h e  v a l u e s ,  
t h e  equa t ion  f o r  t h e  S t r o u h a l  number of  any wing (based on chord)  beccmes 

I f  now w e  ca l cu la t e  S €or  t h e  NACA 0 0 1 2  p r o p p l l e r  t es t s  of  r e f e r e n c e  4 

( f o r  which 
wi th  experiment  a s  i n d i c a t e d  by t h e  fo l lowing:  

2 ( y t a e  /c) = 0.0275; VtSe./Vo = 0.936) ,  w e  g e t  poor agreement 

S 
S c a l c  - exP 

Vo, f t / s e c  

1 0 4  33 5 3.25 6 . 4 1  

196 467 3.71 6.80 

Th i s  kind of d i sagreement  could  be expected f o r  t h e  fo l lowing  reason:  
i n  t h e  laminar  boundary l a y e r  of a r o t a t i n g  a i r f o i l  ( p r o p e l l e r )  t h e  
laminar  s u b l a y e r s  are  n e a r l y  s topped r e l a t i v e  t o  t h e  b lade .  Hence they  
are s u b j e c t  t o  t h e  c e n t r i f u g a l  f o r c e  which draws t h i s  low-energy f low t o  
t h e  p r o p e l l e r  t i p .  Then, i f  a l l  t h e  laminar l a y e r s  w e r e  d ra ined  away, 
t h e  S t r o u h a l  number should be t h e  l i m i t i n g  v a l u e  

't.e.1'0 0.187(0.936) = 6 .36  
= S*(2yt.e./c) = 0.0275 

which, w i t h i n  t h e  l i m i t s  of  accuracy  o f  t h e  tes ts ,  i s  what w a s  measured. 

6.2 With Leading-Edge S e r r a t i o n s  

The h y d r o f o i l  and t h e  NACA 0012  wing and p r o p e l l e r  tests a g r e e  i n  
several  impor tan t  a s p e c t s .  

1. A t  v e r y  l o w  a n g l e s  no f l u c t u a t i o n s  a t  a s i n g l e  f requency  
w e r e  observed.  

2 .  A t  modest a n g l e s  of a t t a c k  ( say  4 O  t o  8O) t h e  s i n g l e  f requency 
of t h e  v o r t e x  shedding u s u a l l y  appeared f o r  t h e  b a s i c  f o i l ,  

3.  With p rope r ly  p laced  and shaped leading-edge se r ra t ions  t h e  s i n g l e  
f reqyency of t h e  v o r t e x  shedding u s u a l l y  d isappeared .  
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With t h e  h y d r o f o i l  t h e  fo l lowing  leading-edge r a k e s  w e r e  t r i e d :  

Spacing T ip  Height 
c m  i n  c m  i n  

(1) A tw i s t ed  V-tooth r a k e  0.508 0 .20  0.508 0.20 

( 2 )  A w i r e  t i n e  r ake  0 .127  0.050 0.25 0 . 1  

( 3 )  Two a r t i f i c i a l  eye la shes  ( t y p i c a l )  0 .013  0 . 0 0 5  0 .8  0.3 

These are shown approximately f u l l  s i z e  i n  f i g u r e  37. The upper s u r f a c e  
spanwise p a t t e r n  w a s  n o t  completely e l imina ted  by t h e  s t r e a m w i s e  v o r t i c e s  
genera ted  by t h e  V-tooth r a k e  as  seen  i n  f i g u r e  3 8 .  The p a t t e r n  w a s  
improved wi th  t h e  w i r e  t i n e  rake b u t  w a s  n o t  p e r f e c t  ( f i g .  3 9 ) .  The 
p a t t e r n  seemed t o  be  elimi’nated by t h e  e y e l a s h e s  wi th  which t h e  f low 
appeared t o  be t u r b u l e n t  ( f i g .  4 0 ) .  

I t  i s  of  i n t e r e s t  t o  n o t e  t h a t  t h e  eye la shes ,  which appeared m o s t  
e f f e c t i v e l y  t o  d e s t r o y  t h e  spanwise v o r t i c e s ,  are most n e a r l y  t h e  type  of 
leading-edge r ake  wi th  which t h e  o w l s  are equipped. 

I t  i s  be l ieved  t h a t  t h e  m o s t  e f f e c t i v e  l e n g t h  of leading-edge serra- 
t i o n  should be r e l a t e d  t o  t h e  l e n g t h  of t h e  o w l ’ s  s e r r a t i o n s  through some 
func t ion  of t h e  Reynolds number, t h e  parameter which c o n t r o l s  t h e  boundary- 
l a y e r  behavior .  

6.3 Summary of  Low Reynolds Number Flow Resu l t s  

A l o w  Reynolds number f low v i s u a l i z a t i o n  experiment  w a s  performed 
us ing  a 6.7-percent  t h i c k  h y d r o f o i l  towed through calm w a t e r .  A von Karman 
vor t ex  street  w a s  found t r a i l i n g  from t h e  rear of t h e  a i r f o i l ,  and t h i s  
w a s  d i r e c t l y  r e l a t e d  t o  t h e  laminar  bubble o s c i l l a t i o n s ,  which w e r e  of t h e  
same frequency. A t heo ry ,  which i s  i n  agreement wi th  experiment ,  i s  
proposed f o r  p r e d i c t i n g  t h e  frequency of t h i s  o s c i l l a t i o n  f o r  t h e  l o w  
Reynolds number flow c a s e .  I t  relates t h e  v o r t e x  shedding frequency t o  
t h e  a i r f o i l  t r a i l i n g  edge t h i c k n e s s  and upper and l o w e r  s u r f a c e  boundary- 
l a y e r  t h i cknesses .  

Three s e r r a t i o n s  w e r e  t e s t e d .  The one w i t h  closest spac ing ,  a r t i f i c i a l  
eye la shes ,  performed b e s t  i n  e l i m i n a t i n g  t h e  bubble by producing tu rbu lence  
on t h e  upper s u r f a c e  of t h e  a i r f o i l .  
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7. THEORY FOR H I G H  REYNOLDS NUMBER FLOW 

7 . 1  S t rouha l  Number Comparison 

A t  h igh  Reynolds number t h e  d i scha rge  of  a uniform v o r t e x  street  a t  
t h e  wing t r a i l i n g  edge i s  n o t  p o s s i b l e  s i n c e  t h e  boundary l a y e r  i s  turbu-  

l e n t  on m o s t  of t h e  a f t  p o r t i o n s  of t h e  wing s u r f a c e .  Notwithstanding,  
p r e s e n t  wind-tunnel tests showed t h a t  a dominant, ve ry  h igh  frequency 
p res su re  f l u c t u a t i o n  w a s  ev iden t  t o  h igh  l i f t  c o e f f i c i e n t s  a t  t h e  a i r f o i l  
s u r f a c e  i n  t h e  v i c i n i t y  of  t h e  laminar boundary-layer s epa ra t ion .  

For t h e  l o w  Reynolds number f lows it w a s  shown t h a t  t h e  S t rouha l  
number based on chord i s  

0 . 1 7 1 ( V t a e  /Vo) 
s =  

This  equat ion  g i v e s  f o r  t h e  p r e s e n t  NACA 63-009 a i r f o i l  tests a t  t h e  
lowest  Reynolds number, 1 . 2 2 ~ 1 0 ~ ~  t h e  va lue  

= 21.7  Scale 

and a t  t h e  h i g h e s t  Reynolds number, 7 . 6 ~ 1 0 ~ ~  t h e  v a l u e  

= 48.8 Scale 

As noted i n  s e c t i o n  5.6, t h e  S t rouha l  number inc reased  wi th  Reynolds number, 
and it had a minimum v a l u e  of (see Table  I) 

S 300 - 

There i s  c l e a r l y  no e v i d e n t  connect ion between t h e  observed behavior  
of t h e  high and l o w  Reynolds number cases. This  i s  expected t o  be due t o  
t h e  b a s i c  d i f f e r e n c e s  i n  t h e  f low a t  t h e  t r a i l i n q  edge of t h e  a i r f o i l .  I n  

t h e  d i s c u s s i o n  t o  f o l l o w ,  two hypotheses  are examined i n  an a t t empt  t o  
e x p l a i n  t h e  observed f a c t s  f o r  t he  h igh  Reynolds number case. 
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7 .2  F i r s t  Hypothesis 

I f  one assumes t h a t  t h e  s e p a r a t i o n  bubble i s  e s s e n t i a l l y  f i x e d  i n  
p o s i t i o n  r e l a t i v e  t o  t h e  a i r f o i l  s u r f a c e  b u t  t h a t  v o r t i c e s  are shed w i t h i n  
t he  u n s t a b l e  laminar r eg ion ,  one might e x p l a i n  t h e  s i n g l e  f requency f l u c t u a -  
t i o n s  which t h e  p r e s e n t  experiments  show occur  under t h e  bubble a t  t h e  
p o s i t i o n  i n d i c a t e d  by t h e  f low v i s u a l i z a t i o n  o f  t h e  p r e s e n t  experiment and 

by G a u l t ' s  ( r e f .  6 )  d e t a i l e d  boundary-layer measurements through t h e  bubble.  
These p e r t i n e n t  p r o f i l e s  a re  reproduced he re  i n  f i g u r e  4 1  t o g e t h e r  w i t h  t h e  
shape of t h e  r e v e r s e  flow. With a f i x e d  p o s i t i o n  f o r  t h e  bubble and f o r  
t h e  t u r b u l e n t  boundary l a y e r  downstseam, i f  a v o r t e x  street w e r e  shed i n  
t h e  laminar  boundary l a y e r  it would almost immediately lose  i t s  i d e n t i t y  
i n  t h e  t u r b u l e n t  boundary l a y e r .  That  i s ,  t h e  t u r b u l e n t  e d d i e s  would 
d e s t r o y  such a uniform street  i n  a s h o r t  d i s t a n c e .  The wind-tunnel test  
shows somewhat t o  t h e  c o n t r a r y  t h a t  t h e  dominant s i n g l e  frequency f l u c t u a -  
t i o n  can s t i l l  be i d e n t i f i e d  a t  t h e  a i r f o i l  s u r f a c e  i n  t h e  pressure- t ime 
t r a c e s  of f i g u r e  29  a t  x/c = 0 . 0 5 ,  whi le  t h e  bubble  ends a t  x/c = 0 .01 .  

The d i f f e r e n c e  i n  t h e s e  d i s t a n c e s  r e p r e s e n t s  about  1 0 0  boundary-layer 
t h i cknesses .  The assumption t h a t  t he  s e p a r a t i o n  bubble i s  e s s e n t i a l l y  
f ixed  i n  p o s i t i o n  i s  c o n s i s t e n t  wi th  t h e  exper imenta l  r e s u l t s .  N o t e ,  

however, t h a t  t h e  concept  of a moving p o s i t i o n  f o r  t h e  s e p a r a t i o n  bubble 
i s  no t  n e c e s s a r i l y  i n c o n s i s t e n t  wi th  t h e  Gaul t  boundary-layer measurements 
s i n c e  h i s  measurements w e r e  made w i t h  ve ry  s l o w  response  manometers. 
Accordingly,  a second hypo thes i s  i s  t h e  favored exp lana t ion  of t h e  observed 

f a c t s .  

7 . 3  Second Hypothesis 

Separa t ion  of  a laminar boundary l a y e r  occur s  when, i n  t h e  adverse  
p re s su re  g r a d i e n t ,  t h e  v e l o c i t y  g r a d i e n t  normal t o  t h e  w a l l  f a l l s  t o  z e r o .  
The s e p a r a t i o n  s t r e a m l i n e  i s  modeled he re  as  s t a r t i n g  t angen t  t o  t h e  s u r f a c e  

a t  xs/c. 
boundary l a y e r  near  t he  s u r f a c e  must have a nega t ive  v e l o c i t y  g r a d i e n t .  
Veloc i ty  p r o f i l e s  o f  t h e  type  shown i n  f i g u r e  4 1  r e s u l t .  Such a sepa ra t ed  
p r o f i l e  i s  known t o  be uns t ab le  t o  d i s t u r b a n c e s  so t h a t  t r a n s i t i o n  t o  
t u r b u l e n t  f low i s  i n i t i a t e d  a t  s o m e  s t a t i o n ,  xt/c.  
i n t roduce  high-energy a i r  from t h e  o u t e r  reaches  of t h e  boundary l a y e r  i n t o  

t h e  r eg ion  near  t h e  w a l l  so t h a t  some d i s t a n c e  downstream, a t  
rea t tachment  occurs .  

The concave s u r f a c e  moves away from t h e  t angen t  so t h a t  t h e  

The t u r b u l e n t  e d d i e s  

xa/c,  t h e  
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An impor tan t  f a c t o r  t o  be noted he re  i s  t h a t  a boundary-layer t h i ck -  

ness rwhich  ve ry  g r a d u a l l y  i n c r e a s e s  wi th  i n c r e a s i n g  x/c,  has  only  a minor * 

i n f l u e n c e  on t h e  v e l o c i t y  d i s t r i b u t i o n  o u t s i d e  t h e  boundary l a y e r  so t h a t  
a t h e o r e t i c a l  v e l o c i t y  d i s t r i b u t i o n  assuming an  i n v i s c i d  f low i s  i n  
e x c e l l e n t  agreement wi th  experiment i n  t h e s e  cases. When a s e p a r a t i o n  
bubble occurs  t h i s  is  n o t  t h e  case i f  t h e  r a t i o  of h e i g h t  of  t h e  bubble t o  

i t s  l e n g t h  becomes important .  Under t h e s e  c i rcumstances ,  t h e  t h e o r e t i c a l  
v e l o c i t y  must be slowed ahead and behind t h e  bubble and must be speeded up 
on t o p  of t h e  bubble.  The p r e s s u r e  d i s t r i b u t i o n s  of f i g u r e s  15  and 1 6  show 
t h i s  d i s t o r t i o n  when a s e p a r a t i o n  bubble i s  p r e s e n t .  This  d i s t o r t i o n  i s ,  
of cour se ,  dependent on t h e  shape of  t h e  bubble. The displacement  th i ck -  
nes s  a t  a l i f t  c o e f f i c i e n t  o f  0 .72  w a s  c a l c u l a t e d  by 

where vu' and Vu are t h e  veloci t ies  i n s i d e  and o u t s i d e  t h e  boundary 
l a y e r ,  r e s p e c t i v e l y ,  y '  i s  any p o i n t  above t h e  s u r f a c e  w i t h i n  t h e  l a y e r ,  
and 6 i s  t h e  t o t a l  h e i g h t  of t h e  boundary l a y e r .  To o b t a i n  t h e  necessary  
accuracy,  t h e  v e l o c i t y  p r o f i l e s  w e r e  r e p l o t t e d .  See r e f e r e n c e  5.  

The r e s u l t i n g  
bump f o r  comparison. 

6 *  d i s t r i b u t i o n  i s  shown i n  f i g u r e  4 2  a long  wi th  a c o s i n e  

When a bump of  a f l a t  s u r f a c e  has  a cos ine  shape,  as  shown i n  f i g u r e  4 3 ,  

t h e  d i s t o r t i o n  t o  t h e  v e l o c i t y  on t h e  s u r f a c e  i s  t h a t  shown i n  t h e  f i g u r e .  
The d e r i v a t i o n  of t h i s  v e l o c i t y  f u n c t i o n  i s  g iven  i n  r e f e r e n c e  1 2 .  W e  

may f i n d  t h e  he igh t  and wavelength of t h e  bump by r e f e r e n c e  t o  t h e  diagram 
of f i g u r e  4 4 .  Over t h e  i n t e r v a l  of  x/c from t h e  s e p a r a t i o n  p o i n t ,  xs/c, 
t o  t h e  rea t tachment  p o i n t ,  xa/c ,  w e  assume t h a t  t h e  t r a n s i t i o n  p o i n t ,  
xt/c,  i s  where t h e  bump h e i g h t ,  h ,  i s  a maximum. The wavelength i s  

X X - x = 2 (+ - -2) 
C 

and t h e  he ight - to- length  r a t i o  i s  
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where B is  t h e  ang le  between t h e  s u r f a c e  t angen t  and t h e  x-ax is .  The 
v a l u e s  of B as a f u n c t i o n  o f  x/c f o r  t h e  NACA 63-009 a i r f o i l  s e c t i o n  . 
w e r e  measured and are inc luded  i n  Table  11. 

W e  are  now ready  t o  proceed wi th  t h e  fundamental argument o f  t h i s  
second hypothes is  which i s  t h a t :  

( a )  The bubble v e l o c i t y  p r o f i l e s  such a s  measufed by G a u l t  (u s ing  

ve ry  slow response  manometers) i s  n o t  n e c e s s a r i l y  f i x e d  i n  t h e  i n d i c a t e d  
p o s i t i o n  given by such measurements, b u t  

(b)  Such p r o f i l e s  may on ly  be t h e  t i m e  average  of an u n s t a b l e  o s c i l l a t i n g  
system wherein t h e  b6bble a t  any i n s t a n c e  may be moving f o r e  and a f t  and 
changing i n  both wavelength and he igh t .  

(c) Something must be capable  of f o r c i n g  an i n i t i a l  bubble motion, and 

(d )  There must be t w o  deg rees  of freedom which have a phase l a g  between 
them. These are t h e  p o t e n t i a l  f low,  which a d j u s t s  ve ry  r a p i d l y ,  and t h e  
v i scous  flow, which develops  much more s lowly.  

Now, l e t  u s  cons ide r  t h e  f low over a NACA 63-009 a i r f o i l  at 
The t h e o r e t i c a l  upper-surface v e l o c i t y  r a t i o ,  Vu/Vo, i s  g iven  by 

CL = 0.72. 

5=- vO vf i- CL( $) 
and i s  shown as t h e  s o l i d  l i n e  i n  f i g u r e  45. 

I f  t h e  f low over  t h i s  a i r f o i l  w e r e  a b r u p t l y  s t a r t e d ,  t h i s  v e l o c i t y  
d i s t r i b u t i o n  would be ob ta ined ,  and t h e  f low would f o r  t h e  moment be a l l  
laminar. However, t h e  laminar boundary l a y e r  cannot  remain a t t a c h e d  f a r  
from t h e  l ead ing  edge. I n  f a c t ,  s e p a r a t i o n  w i l l  occur  where 

vS 7 = 0.9  

'max 

From f i g u r e  4 5 ,  t h i s  occu r s  when 

X x = - -  si - 0.0046 
C C 
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A s  noted earlier t h i s  l a y e r  i s  u n s t a b l e  so a t  s o m e  p o i n t ,  xt/c,  t r a n s i t i o n  
t o  t u r b u l e n t  w i l l  s tar t .  I f  w e  assume t h a t  

t X - = 0.0090 
C 

a s e p a r a t i o n  bubble '  having 

of it t h a t  t h e  s e p a r a t i o n  must  move forward to  

xS - =  0.00342 C 

L e t  u s  assume t h a t  t h e  t r a n s i t i o n  chases  forward 

w i l l  grow. 
p re s su re  d i s t r i b u t i o n  i s  shown i n  f i g u r e  45 a s  t h e  f i r s t  bubble p o s i t i o n .  
The presence of t h e  bubble now so a l t e r s  t h e  v e l o c i t y  d i s t r i b u t i o n  ahead 

The c a l c u l a t e d  d e t a i l s  are given i n  Table  I V  and t h e  r e s u l t i n g  

t o  

t X 
- = 0.00550 
C 

and r e p e a t  t h e  c a l c u l a t i o n  f o r  t h e  new bubble (see Table  V ) .  

d i s t r i b u t i o n  fo r  t h i s  second c a s e  i s  shown i n  t h e  same f i g u r e  as t h e  second 
bubble p o s i t i o n .  

The v e l o c i t y  

Again, however, t h e  s e p a r a t i o n  p o i n t  must move ahead t o  

X - S = 0.00300 
C 

L e t  u s  assume t h a t  i n  t h i s  case t h e  t r a n s i t i o n  has  moved t o  

t X 
- = 0.00380 
C 

3 A t  t h i s  p o i n t ,  f o r  s i m p l i c i t y ,  w e  w i l l  denote  t h e  6" d i s t r i b u t i o n  a s  t h e  
shape of t h e  bubble even though a s l i g h t  d i f f e r e n c e  e x i s t s .  
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and r e p e a t  t h e  c a l c u l a t i o n .  
which g i v e  t h e  v e l o c i t y  d i s t r i b u t i o n  i n  t h e  same f i g u r e  as t h e  t h i r d  
p o s i t i o n .  Again t h e  bubble must move to  

Then t h e  v a l u e s  i n  Table  VI are ob ta ined ,  

S X 
- = 0.00298 
C 

Here w e  assume 

t X 
- = 0.00370 
C 

The r e s u l t i n g  v e l o c i t y  d i s t r i b u t i o n  (Table  VII) is  shown i n  t h e  same 
f i g u r e  as t h e  f o u r t h  p o s i t i o n .  

I t  i s  here  t h a t  w e  come t o  t h e  end of t h i s  computat ional  p rocess ,  f o r  

now t h e  minimum i n  t h e  v e l o c i t y  d i s t r i b u t i o n  i s  greater than  0.9Vu 
s e p a r a t i o n  p o i n t  would move t o  a p o i n t  downstream of t h e  s e p a r a t i o n  bubble 
which, of cour se ,  i s  absurd.  What would a c t u a l l y  occur  is  t h a t  t h e  laminar  
shea r  on t h i s  l a s t  bubble would become so l a r g e  as  t o  sweep t h i s  bubble  
down i n t o  t h e  wake. Thus t h e  whole p rocess  would s t a r t  a s  b e f o r e  and be 
repea ted  aga in  and aga in .  

so t h e  
max 

To e f f e c t  t h i s  kind of i n s t a b i l i t y  it is  on ly  necessary  t o  assume, 
as  shown i n  f i g u r e  4 6 ,  t h a t  t h e  t r a n s i t i o n  p o i n t  e s s e n t i a l l y  c a t c h e s  up 
t o  t h e  s e p a r a t i o n  p o i n t  so t h a t  t h e  v e l o c i t y  g r a d i e n t  ahead of  t h e  bubble 
cannot  suppor t  t h e  bubble p o s i t i o n .  

This  a n a l y s i s  does  no t  c o n s t i t u t e  a complete theo ry ,  bu t  it shows t h e  

main f e a t u r e s  of  a bubble  o s c i l l a t i o n  mechanism. The correct and complete 
s o l u t i o n  would have t o  be one which would ag ree  wi th  G a u l t ' s  measured 
boundary l a y e r  as t h e  time-averaged one, and t h e  dynamics of t h e  bubble 
movement must be included and r e s u l t  i n  the; measured s u r f a c e  p r e s s u r e  

o s c i l l a t i o n s .  

It i s  i n s t r u c t i v e  t o  compare t h e  bubble p o s i t i o n  and magnitude of t h e  
v e l o c i t y  o s c i l l a t i o n  i n  f i g u r e  4 5  w i th  t h e  f low v i s u a l i z a t i o n  r e s u l t s  and 
t h e  p r e s s u r e  traces from t h e  p r e s e n t  experiment.  A t  c R  = 0.7 i n  f i g u r e  20 
t h e  s e p a r a t i o n  and at tachment  p o s i t i o n s  are approximately (x/cIs  = 0.004 
and These v a l u e s  are a r easonab le  t i m e  average f o r  t h e  
chordwise v a r i a t i o n  i n  p o s i t i o n  i n d i c a t e d  i n  f i g u r e  45. A t  x/c = 0.008 

( x / c ) ~  = 0.010.  
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i n  t h e  same f i g u r e ,  i n s t an taneous  va lues  of 
2 . 7  and 2 .0 .  This  cor responds  t o  a C d i f f e r e n c e  of 3.4. For t h e  f i r s t  
p re s su re  t r ansduce r ,  which i s  a t  x/c = 0.0083, t h e  ampli tude of t h e  
o s c i l l a t i o n  i n  f i g u r e s  29 and 3 0  i s  t y p i c a l l y  one- th i rd  t h i s  va lue .  

Vu/Vo would range between 

P 

F i n a l l y ,  t h e  wind-tunnel experimental  r e s u l t s  show a l a r g e  peak i n  
f l u c t u a t i o n  i n t e n s i t y  a t  a moderate l i f t  c o e f f i c i e n t .  An exp lana t ion  f o r  
t h i s  behavior  i s  suggested.  A t  lower l i f t  c o e f f i c i e n t s  it i s  expected 
t h a t  t h e  laminar l a y e r  is  very  t h i c k  when s e p a r a t i o n  would begin and 
t r a n s i t i o n  t o  tu rbu lence  occurs  b e f o r e  s e p a r a t i o n ,  o r  so s h o r t  a d i s t a n c e  
a f t e r  s e p a r a t i o n  t h a t  no important  d i s t o r t i o n  to t h e  i n v i s c i d  v e l o c i t y  
d i s t r i b u t i o n  can e x i s t .  A t  t h e  h igher  l i f t  c o e f f i c i e n t s ,  t h e  t h e o r e t i c a l  
p re s su re  d i s t r i b u t i o n  f o r  t h e  i n v i s c i d  flow becomes dominated by t h e  
" a d d i t i o n a l  d i s t r i b u t i o n "  (corresponding t o  Va/Vo i n  Table  11) and perhaps 
t h e s e  g r a d i e n t s  a r e  so s t e e p  t h a t  t h e  type  of i n s t a b i l i t y  d i scussed  earlier 
cannot  occur .  

7 . 4  Summary of High Reynolds Number Flow Theory 

When t h e  r e l a t i o n s h i p  developed i n  s e c t i o n  6 . 1  f o r  p r e d i c t i n g  t h e  

S t rouha l  number of bubble o s c i l l a t i o n  fo r  l o w  Reynolds number c a s e s  i s  
app l i ed  t o  the  p r e s e n t  h igh  Reynolds number wind-tunnel r e s u l t s ,  t h e  
p r e d i c t i o n s  a r e  an order of magnitude t o o  low. I t  i s  concluded t h a t  t h e r e  
are a t  least  t w o  f l o w  regimes and t h a t  t h e i r  e x t e n t  i s  a f u n c t i o n  of  
Reynolds number. A f i r s t  hypothes is  for  t h e  f l o w  behavior i s  b r i e f l y  
examined which involves  t h e  p o s s i b l e  e x i s t e n c e  of a vo r t ex  street i n  t h e  
shear  l a y e r  above a s t a t i o n a r y  bubble ,  b u t  it does  n o t  appear  t o  conform 
t o  t h e  experimental  obse rva t ions .  

A second hypothes is  models t h e  f low near  t h e  w a l l  as con ta in ing  a 
bubble which i s  o s c i l l a t i n g  i n  s i z e  and p o s i t i o n .  By comparison wi th  t h e  
time-averaged p r o f i l e s  through t h e  bubble from Gault  ( r e f .  6 1 ,  it i s  
determined t h a t  t h e  shape of t h e  bump ( t h e  d isp lacement  t h i c k n e s s  d is t r i -  

bu t ion )  is c l o s e l y  modeled by a cos ine  func t ion .  With t h e  r e s u l t i n g  
p res su re  d i s t r i b u t i o n  superimposed on t h e  t h e o r e t i c a l  p r e s s u r e  d i s t r i b u t i o n  
of t h e  upper s u r f a c e  of t h e  a i r f o i l ,  it i s  found t h a t  t h e  s e p a r a t i o n  and 
rea t tachment  p o i n t s ,  and t h u s  t h e  bubble,  w i l l  move forward ( t h e  p o s i t i o n  
of t r a n s i t i o n  i n  t h e  bubble must be assumed) u n t i l  there is  no s e p a r a t i o n .  
The bubble i s  t h u s  convected away and a new one i s  then  formed. The 
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a n a l y s i s  i n c l u d e s  a mechanism t o  e x p l a i n  t h e  bubble  o s c i l l a t i o n s  i n  s i z e  

and p o s i t i o n .  

8. LEADING-EDGE R E G I O N  FLOW GEOMETRY CAUSED BY SERRATIONS 

8 . 1  I n t r o d u c t i o n  

The r ake  on t h e  l ead ing  edge of an owl ' s  wing has a f i n e  spac ing  of 

about  20 s e r r a t i o n  p o i n t s  per  inch.  The a u t h o r s  b e l i e v e  t h a t  i t s  s e r r a t i o n s  
c r e a t e  tu rbu lence  which p reven t s  t r a i l i n g - e d g e  v o r t e x  shedding. However, 
a t  high Reynolds number t h e  f low v i s u a l i z a t i o n  o f  f i g u r e s  18  and 1 9  shows 
a r e g u l a r ,  h ighly  s t r u c t u r e d  p a t t e r n  t h a t  i s  n o t  expected t o  be due to  
tu rbu lence .  S i m i l a r l y ,  u s ing  t i t a n i u m  d iox ide ,  Soderman ( r e f .  3 )  produced 
t h e  s p e c t a c u l a r  s u r f a c e  f low v i s u a l i z a t i o n  r e s u l t  shown i n  f i g u r e  4 7 .  I n  
t h i s  photograph, which i s  looking d i r e c t l y  a t  t h e  l ead ing  edge of h i s  

a i r f o i l ,  t h e  s e r r a t i o n  i s  seen screwed t o  t h e  wing wi th  t h e  t i p s  p o i n t i n g  
t o  t h e  l e f t ,  t h e  s u c t i o n  s i d e .  I n  subsonic  f lows two-dimensional s e p a r a t i o n s  
can be unsteady,  and one mechanism f o r  uns t ead iness  w a s  p resented  i n  
s e c t i o n  7 . 3 .  Three-dimensional s e p a r a t i o n s  t h a t  are  s t eady  have been 
r epor t ed  i n  t h e  l i t e r a t u r e .  These i n v a r i a b l y  invo lve  a three-dimensional  
vo r t ex  l i k e  t h a t  on a l ead ing  edge of  a d e l t a  wing o r  a t r a i l i n g  vo r t ex .  
The s e r r a t e d  edge t i p s  shed shea r  l a y e r s  t h a t  r o l l  up i n t o  v o r t i c e s .  
A f low f o r  t h e  leading-edge r eg ion  i s  proposed h e r e i n  t h a t  may create a 
s t eady  three-dimensional  s e p a r a t i o n .  

Before proceeding,  t h e  photographs of f i g u r e s  1 9  and 47  a r e  examined 
f o r  t h e  informat ion  they  con ta in .  I n  both cases, t h e  laminar  bubble i s  
d iv ided  i n t o  segments t h e  width ( d i s t a n c e  i n  spanwise d i r e c t i o n )  of which 
i s  t h e  same a s  t h e  spacing of t h e  ser ra ted-edge  t i p s .  I n  f i g u r e  1 9 ,  t h e  o i l  
is  swept c l e a n  i n  a l i n e  d i r e c t l y  downstream of t h e  s e r r a t i o n  t i p ,  g e n e r a l l y  
p a s t  m o s t  of t h e  bubble,  then  t h e  f l u i d  l eak ing  from t h e  c o r n e r s  of ad ja -  
c e n t  bubbles  j o i n s  and con t inues  a long  t h e  same l i n e .  I n  f i g u r e  47  t h e  
bubble segments are more c l e a r l y  d i v i d e d ,  do n o t  have t h e  sha rp  c o r n e r s  of  
t hose  i n  t h e  prev ious  photograph, and t h e  pe r ime te r s  are ve ry  s h a r p l y  o u t l i n e d  
i n  a h e a r t - l i k e  shape. Moreover, i n  t h i s  photograph t h e  c l e a n  area between 
bubbles  con t inues  on p a s t  t h e  s e p a r a t i o n  bubbles  and f a r  downstream. 
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8.2 Cons t ruc t ion  of t h e  Local Flow Geometry 

F igu res  48 and 4 9  show v a r i o u s  schematic  views o f  t h e  proposed i n t e r -  
p r e t a t i o n  of  t h e  f low i n  t h e  leading-edge r eg ion .  For t h e s e  views,  t h e  
l ead ing  edge of  t h e  a i r f o i l  s u r f a c e  has  been unwrapped from t h e  a i r f o i l  
and f l a t t e n e d  t o  s i m p l i f y  v i s u a l i z a t i o n .  F igure  48 i s  a p e r s p e c t i v e  view 

looking forward toward t h e  s e r r a t e d  edge. Using t h i s  view t h e  e s s e n t i a l  
f e a t u r e s  of t h e  f low are f i r s t  o u t l i n e d ,  and then ,  u s ing  t h e  views of 

f i g u r e  4 9  t h e  d e t a i l s  of t h e  flow are developed. 

In  f i g u r e  4 8 ,  symmetric vo r t ex  p a i r s  o r i g i n a t e  from each  s e r r a t i o n  
t i p  s i n c e  t h e  t i p s  a r e  being pushed toward t h e  a i r f o i l  s u r f a c e .  

T r a i l i n g  downstream, t h e y  l i e  v e r y  close toge the r  and are of a r o t a t i o n a l  
sense  t h a t  induces mutual upward movement from t h e  s u r f a c e .  However, t h e s e  
p a i r s  s t a r t  s e p a r a t i n g  and t h u s  each v o r t e x  moves toward t h e  a d j a c e n t  
vo r t ex  from t h e  nex t  s e r r a t i o n  t i p .  These new v o r t e x  p a i r s  induce move- 
ment i n  each o t h e r  downward, and t h i s  new p a i r  comes close enough t o  t h e  
s u r f a c e  t o  dominate completely t h e  f low t h e r e  over a s h o r t  l e n g t h .  This  
reg ion  i s  t h e  s e p a r a t i o n  bubble.  As t h e  new v o r t e x  p a i r s  approach t h e  
w a l l ,  t h e i r  images d r i v e  them a p a r t .  A s  t hey  s e p a r a t e ,  t h e  back end of 

t h e  bubble forms and i n v i s c i d  f l u i d  t h a t  has  flowed over  t h e  s e p a r a t i o n  
bubble i s  induced down t o  the  s u r f a c e  t o  s t a r t  a new boundary l a y e r ,  m o s t  
of t h e  seve re  adve r se  p r e s s u r e  g r a d i e n t  a long  t h e  w a l l  now l y i n g  upstream 
of t h i s  chordwise p o s i t i o n .  

F igure  4 9 ( a ) ,  a t o p  view, shows t h e  t i p  of a s e r r a t e d  edge wi th  v o r t i c e s  
(do t t ed )  t r a i l i n g  downstream and t h o s e  s t r e a m l i n e s  which are immediately 
a d j a c e n t  t o  t h e  s u r f a c e ,  which are denoted as l i m i t i n g  s t r e a m l i n e s .  The 

p r i n c i p l e s  g iven  by Maskell ( r e f .  13)  €or c o n s t r u c t i n g  l i m i t i n g  s t r eaml ines  
are used he re  a long  w i t h  h i s  terminology. It  is  t o  be noted t h a t  i n  
f i g u r e  49(a)  t h e  B1-2 s e r r a t i o n  t i p ,  t h e  r e s u l t i n g  bubble ,  and t h e  d i s t a n c e  
between are t o  scale f o r  t h e  p r e s e n t  NACA 63-009 f low v i s u a l i z a t i o n  tes ts .  
The d i s t a n c e  t o  t h e  bubble from t h e  s e r r a t i o n  t i p s  i n  f i g u r e  4 9  appears  t o  
be  about  t h e  same i n  f i g u r e  4 7 .  F igure  49(b)  is a s i d e  view of a s e r r a t i o n  
t i p ,  t r a i l i n g  v o r t e x  ( d o t t e d )  and s e p a r a t i o n  bubble ,  while  t h e  crossflow 
movement of  t h e  v o r t i c e s  and t h e i r  images i s  i n d i c a t e d  i n  t h e  end view i n  
f i g u r e  4 9 ( c ) .  The numbers on t h e  v o r t i c e s  correspond t o  t h e  numbers on t h e  
cross s e c t i o n s  i n  f i g u r e  4 9  ( a ) .  



W e  now examine t h e  f low i n  more d e t a i l .  The correct p o s i t i o n i n g  of 

t h e  t r a i l i n g  v o r t i c e s  l eav ing  t h e  s e r r a t i o n  t i p  i s  unknown. I t  is 
expected,  however, t o  be unimportant ,  as t h e  o r i g i n a l  vo r t ex  p a i r  ( f i g .  48, 
4 9 ( a ) )  w i l l  rise from t h e  s u r f a c e  immediately i f  close toge the r  compared 
t o  t h e i r  d i s t a n c e  from t h e i r  images. I f  they  l i e  c l o s e r  to  t h e  s u r f a c e  than  
i n d i c a t e d  i n  p o s i t i o n  1 of  f i g u r e  4 9 ( c ) ,  so t h a t  t hey  are each  ve ry  close 
t o  t h e i r  images, t hey  are induced by t h e i r  images t o  approach each o t h e r ,  
then rise. A p l a u s i b l e  argument i s  necessary  to  show t h a t  whi le  r i s i n g ,  

t h e  vo r t ex  p a i r s  a l so  s e p a r a t e .  The e x t e r n a l  f low i s  two-dimensional and 
cannot  be t h e  cause.  The i n f i n i t e  rows of v o r t i c e s  and t h e i r  images are 

no t  expected t o  cause t h i s  s p l i t t i n g ,  though t h i s  has  no t  been checked i n  
g r e a t  d e t a i l .  However, t h e r e  are two mechanisms a v a i l a b l e  t o  accomplish 
t h i s .  The v o r t e x  p a i r s  cause  t h e  boundary l a y e r  t o  become three-dimensional  
and when t h i s  occurs  t h e r e  i s  boundary-layer v o r t i c i t y  ( n o t e  t h e  d o t t e d  
arrow i n  f i g .  4 9 ( a ) )  wi th  a v e c t o r  component i n  t h e  a x i a l  d i r e c t i o n .  I t  i s  
of t h e  correct r o t a t i o n a l  sense t o  cause t h e  v o r t e x  p a i r s  t o  s p l i t .  A l s o ,  

t h e  e x t e r n a l  p o t e n t i a l  f low causes  t h e s e  t r a i l i n g  v o r t i c e s  t o  curve  around 
t h e  l ead ing  edge from l o w e r  t o  upper s i d e ,  approximately fo l lowing  t h e  
su r face .  They then  can induce c ros s f low v e l o c i t i e s  upon themselves .  
Consider t h e  symmetric vo r t ex  p a i r  from a s e r r a t i o n  t i p  t o  remain a t  
c o n s t a n t  spac ing ,  b u t  bent  i n t o  a c i r c u l a r  a r c  as an  approximation of t h e  
flow around t h e  nose of t h e  a i r f o i l .  A t  any cross s e c t i o n  t h a t  p a r t  of 
each vo r t ex  l i n e  which is  upstream is  inducing i t s  own vor t ex  t o  approach 
t h e  o t h e r  one; and t h a t  p a r t  which i s  downstream does  t h e  opposite. I t  

is  be l ieved  t h a t  t h e  i n i t i a l  upward induc t ion  of t h e  vortices and accelera- 
t i o n  and t u r n i n g  of t h e  f low around the  a i r f o i l  nose w i l l  c ause  t h e  
d ivergence  of t h e  vo r t ex  p a i r .  

When t h e  o r i g i n a l  vo r t ex  p a i r s  d i v e r g e  enough t o  form new vor t ex  p a i r s  
( f i g .  4 8  and 4 9 ( c )  , p o s i t i o n  3 )  , t h e  r e c i r c u l a t i n g  flow a s s o c i a t e d  w i t h  
each v o r t e x  p a i r  w i l l  be approximately as shown schemat i ca l ly  i n  f i g u r e  4 9 ( d ) .  
The boundary-layer f l o w  a t  t h e  s u r f a c e ,  which has s u f f e r e d  a s t r o n g  adve r se  
p re s su re  g r a d i e n t  and i s  n e a r l y  ready to  s e p a r a t e  as  it approaches t h e  

bubble,  w i l l  be s t r o n g l y  inf luenced  by t h e  p r e s s u r e  f i e l d s  of  t h e  vo r t ex  
p a i r  and t h e  bubble and w i l l  tend t o  d ive rge  from t h e  vo r t ex  p a i r  c e n t e r -  
l i n e .  
t h e  o u t e r  sLreamlines which r a d i a t e  o u t  from t h e  c e n t e r l i n e ,  a c t u a l l y  a 

When t h e  r e c i r c u l a t i n g  flow i n  f i g u r e  49(d)  a t t a c h e s  t o  t h e  s u r f a c e ,  
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stream s h e e t ,  w i l l  come t angen t  t o  t h e  s e p a r a t i o n  l i n e s ,  which are l a b e l e d  
"S" i n  f i g u r e  4 9 ( a ) ,  on t h e  i n s i d e  of t h e  bubble ,  whi le  t h e  l i m i t i n g  stream- 
l i n e s  on t h e  upstream s u r f a c e  w i l l  come t angen t  t o  this s e p a r a t i o n  l i n e  on- 
t h e  o t h e r  s i d e .  The r e s u l t i n g  s t ream s h e e t  w i l l  f low up over  t h e  bubble ,  
s w i r l  inward toward t h e  v o r t e x  core ( f i g .  4 8 ( e )  and fo l low t h e  vo r t ex  core 
on downstream. This  is t h e  key t o  t h e  mechanism of a s t e a d y  sepa ra t ed  flow. 
Low energy f l u i d  is  removed from near  t h e  wa l l  and conducted o u t  of t h e  
c r i t i c a l  r eg ion  and on downstream around t h e  v o r t e x a i n  a s t e a d y  manner. 

Above t h e  s e p a r a t i o n  stream s h e e t ,  made up of t h e  s e p a r a t i o n  stream- 
l i n e s ,  i s  t h e  s t ream s h e e t  l abe led  "Attachment S t r e a m  Shee t"  i n  f i g u r e  4 9 ( b ) ;  
it i s  t h e  t o p  of  t h e  bubble.  The f l u i d  i n  it f lows  down t h e  c e n t e r  p l ane ,  
a t t a c h e s  t o  t h e  w a l l  a t  t h e  at tachment  l i n e  ( l a b e l e d  "A") and then  f lows 
underneath t h e  v o r t e x  a s  t h e  l i m i t i n g  s t r e a m l i n e s  i n  t h e  s e p a r a t i o n  
bubble t o  t h e  s e p a r a t i o n  l i n e .  (These l i m i t i n g  s t r e a m l i n e s  are  t h e  same 
ones i n s i d e  t h e  bubble desc r ibed  i n  t h e  prev ious  paragraph.)  This  completes  
t h e  c i r c u i t  around t h e  s e p a r a t i o n  bubble as  viewed i n  c r o s s  s e c t i o n .  T h e  

f low i n t o  t h e  gap between t h e  s e p a r a t i o n  stream s h e e t  and t h e  at tachment  
stream s h e e t  i s  composed of t h e  low-energy boundary-layer f l u i d  t h a t  
s p i r a l s  on downstream around t h e  v o r t e x  core. 

A t  t h e  rear of t h e  bubble t h e  at tachment  l i n e  s p l i t s  and becomes t h e  

at tachment  l i n e s  ( l a b e l e d  "A") f o r  t h e  new wa l l  flow downstream of t h e  

bubble. This  completes t h e  f low s t r u c t u r e .  I t  i s  noted t h a t  t h e  

beginning and end of t h e  at tachment  l i n e  on t h e  new c e n t e r l i n e  are s i n g u l a r  
p o i n t s ;  t h e  flow d i r e c t i o n  t h e r e  i s  undefined.  

I n  f i g u r e  4 9 ( a )  t h e  s e p a r a t i o n  s t r e a m l i n e  i s  brought t angen t  t o  t h e  

s e r r a t i o n  t i p  c e n t e r l i n e  and t h e  o r i g i n a l  v o r t e x  p a i r i n g  has  reoccurred .  
This  a g r e e s  wi th  t h e  f low v i s u a l i z a t i o n  of f i g u r e  1 9 .  However, fo r  
Soderman's f low p i c t u r e ,  f i g u r e  47, t h i s  may n o t  happen. The v o r t i c e s  may 
no t  r e j o i n  s i n c e  t h e  wa l l  f low p i e r c i n g  between t h e  s e p a r a t i o n  bubbles  
appa ren t ly  con t inues  on downstream. The s e p a r a t i o n  l i n e  i n  f i g u r e  4 9 ( a )  
need no t  reach  t h e  c e n t e r l i n e .  I f  t h e  s t r o n g  whi te  per imeter  l i n e  i n  
f i g u r e  47  are s e p a r a t i o n  and at tachment  l i n e s  a l l  t h e  way around t h e  

sepa ra t ion  bubble,  then  it appears  t h a t  f o r  t h i s  f l o w  t h e  v o r t i c e s  m u s t  

r ise o f f  t h e  wa l l .  T h i s  would r e q u i r e  t h a t  t h e  rear at tachment  l i n e s  
connect  t o  t h e  s e p a r a t i o n  l i n e s  a t  t w o  more s i n g u l a r  p o i n t s .  To understand 
t h i s  added compl ica t ion  m o r e  f low d e f i n i t i o n  i s  r equ i r ed .  
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8 . 3  Summary of t h e  Leading-Edge Region Flow Desc r ip t ion  

A flow model i s  c o n s t r u c t e d  t o  e x p l a i n  t h e  segmented bubbles  t h a t  are- 
e v i d e n t  i n  t h e  s u r f a c e  f low v i s u a l i z a t i o n  r e s u l t s  of  t h e  leading-edge 
r e g i o n  i n  t h e  p r e s e n t  experiment  and i n  t h a t  of  Soderman ( r e f .  3 ) .  It  i s  
hypothesized t h a t  t r a i l i n g  v o r t e x  p a i r s  from each  s e r r a t i o n  t i p  g r a d u a l l y  
r i se  whi le  being convected downstream, then  s e p a r a t e  and form new v o r t e x  
p a i r s ,  each  w i t h  i t s  a d j a c e n t  v o r t e x  from t h e  nex t  s e r r a t i o n  t i p .  These 
new vor t ex  p a i r s  are o f  o p p o s i t e  s ense  from t h e  o r i g i n a l  p a i r  and they  

s i n k  v e r y  c l o s e  t o  t h e  s u r f a c e  t o  form t h e  three-dimensional  s e p a r a t i o n  
bubble  p a t t e r n .  

9.  CONCLUDING REMARKS 

Pres su re  and f o r c e  measurements, s t e a d y  and uns teady ,  have been made 
on a r e c t a n g u l a r  wing w i t h  an NACA 63-009 a i r f o i l  s e c t i o n  over t h e  Reynolds 

number r ange  1 . 2 ~ 1 0 ~  t o  6 . 2 ~ 1 0 ~ .  
t h i s  a i r f o i l  and on a 6.7-percent t h i c k  h y d r o f o i l  a t  a Reynolds number o f  
2 . 5 ~ 1 0 ~ .  A two-dimensional bubble f l u c t u a t i n g  i n  s i z e  and p o s i t i o n  near  

t h e  l e a d i n g  edge w a s  observed on t h e  h y d r o f o i l ,  and i t s  presence  i s  deduced 
f r o m  t h e  s u r f a c e  f low v i s u a l i z a t i o n  and unsteady p r e s s u r e  measurements on 
t h e  a i r f o i l  over  a w i d e  range  of  a n g l e  of a t t a c k .  Low and h igh  Reynolds 
number f low regimes are d i s c e r n e d ,  being c h a r a c t e r i z e d  by t h e  p re sence ,  o r  
lack o f ,  a t r a i l i n g  v o r t e x  street ,  r e s p e c t i v e l y .  

Flow v i s u a l i z a t i o n  has  been performed on 

For t h e  l o w  Reynolds number experiment ,  t h e  boundary l a y e r s  a t  t h e  
t r a i l i n g  edge w e r e  l aminar ,  and a von Karman v o r t e x  street w a s  observed i n  
t h e  wake flow. I t  w a s  noted t h a t  t h e  bubble o s c i l l a t e d  a t  t h e  same frequency;  
t h u s  t h e  l a t t e r  appeared t o  c o n t r o l  t h e  bubble.  A t h e o r y  f o r  p r e d i c t i n g  
t h e  S t r o u h a l  number of t h i s  phenomenon, which i s  i n  good agreement w i t h  
t h e  exper imenta l  r e s u l t s  i n  r e f e r e n c e  4 ,  i s  p resen ted .  I t  relates t h e  
shedding frequency t o  t h e  a i r f o i l  t r a i l i n g - e d g e  t h i c k n e s s  and upper and 
lower s u r f a c e  boundary-layer t h i c k n e s s e s .  

I n  t h e  h igh  Reynolds number experiment ,  l a r g e ,  uns teady  p r e s s u r e s  
w e r e  observed i n  t h e  r eg ion  of t h e  bubble and f o r  s e v e r a l  bubble  l e n g t h s  
downstream. S p e c t r a l  a n a l y s i s  of these p r e s s u r e s  show t h a t  t h e r e  u s u a l l y  
w e r e  l a r g e ,  high frequency peaks i n  t h e  s i g n a l  f rom the  m o s t  forward 
p r e s s u r e  t r a n s d u c e r ,  which w a s  almost always under t h e  bubble ,  and a 
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s i n g l e  high frequency peak i n  t h e  s p e c t r a  from t h e  second t r ansduce r .  The 
i n t e n s i t y  of t h i s  peak decayed wi th  i n c r e a s i n g  d i s t a n c e .  The S t rouha l  number 

of t h i s  energy peak v a r i e s  wi th  Reynolds number, b u t  is no t  g iven  by the  l o w  
Reynolds number theory .  I t  i s  assumed t h a t  f o r  t h i s  f low regime t h e  turbu-  
l e n t  boundary l a y e r s  a t  t h e  t r a i l i n g  edge prevent  t h e  shedding of vortices,  
and it i s  hypothesized t h a t  t h e  bubble o s c i l l a t i o n  is  c o n t r o l l e d  by an u n s t a b l e  
laminar boundary-layer s e p a r a t i o n .  By comparison wi th  time-averaged v e l o c i t y  
p r o f i l e s  through t h e  bubble ob ta ined  by Gaul t  ( r e f .  6 )  on t h e  s a m e  s e c t i o n  
p r o f i l e ,  it i s  determined t h a t  t h e  shape of  t h e  bump ( t h e  d isp lacement  
t h i c k n e s s  d i s t r i b u t i o n )  is  c l o s e l y  modeled by a c o s i n e  func t ion .  With t h e  
r e s u l t i n g  p res su re  d i s t r i b u t i o n  superimposed on t h e  t h e o r e t i c a l  p r e s s u r e  
d i s t r i b u t i o n  of t h e  upper s u r f a c e  of t h e  a i x f o i l ,  it is  found t h a t  t h e  
s e p a r a t i o n  and rea t tachment  p o i n t s ,  and t h u s  t h e  bubble ,  w i l l  move forward 
( t h e  p o s i t i o n  of t r a n s i t i o n  i n  t h e  bubble must be assumed) u n t i l  t h e r e  i s  
no s e p a r a t i o n .  The bubble i s  thus  convected away and a new one is then  formed. 
The a n a l y s i s  i nc ludes  a mechanism t o  e x p l a i n  t h e  bubble o s c i l l a t i o n s  i n  s i z e  
and p o s i t i o n .  

T h r e e  s e r r a t i o n s  w e r e  t e s t e d  i n  t h e  l o w  Reynolds number experiment.  The 
one wi th  c l o s e s t  spac ing ,  a r t i f i c i a l  eye la shes ,  performed b e s t  i n  e l i m i n a t i n g  

t h e  bubble by producing tu rbu lence  on t h e  upper s u r f a c e  of t h e  a i r f o i l .  

Twelve s e r r a t i o n s  w e r e  t e s t e d  i n  t h e  h igh  Reynolds number experiment.  
The l a r g e  peak i n  t h e  root-mean-square s i g n a l  from t h e  most forward p res su re  
t r ansduce r  a t  a l i f t  c o e f f i c i e n t  of 0 . 6  w a s  reduced by 4 1  p e r c e n t  by t h e  
b e s t  s e r r a t i o n .  This  r educ t ion  was i n s e n s i t i v e  t o  s e r r a t i o n  p o s i t i o n ,  b u t  
c o r r e l a t e d  w e l l  w i t h  s e r r a t i o n  spac ing ,  t h e  maximum r e d u c t i o n  corresponding 
t o  t h e  smallest  spacing of  0 .508  c m  ( 0 . 2  i n ) .  There w a s  a monotonic 
dec rease  towards t h i s  v a l u e ,  and a smal le r  s e r r a t i o n  s i z e  may produce 
f u r t h e r  r educ t ion .  A f low model i s  cons t ruc t ed  t o  e x p l a i n  t h e  segmented 
bubbles  t h a t  are ev iden t  i n  t h e  s u r f a c e  flow v i s u a l i z a t i o n  r e s u l t s  of t h e  
leading-edge reg ion  i n  t h e  p r e s e n t  experiment and i n  t h a t  of Soderman ( r e f .  3 ) .  
It i s  hypothesized t h a t  t r a i l i n g  vo r t ex  p a i r s  from each serrat ion t i p  i n t e r -  
a c t  wi th  t h e  boundary l a y e r  flow t o  form t h e s e  bubbles .  

Nielsen Engineering & Research, Inc .  
Mountain V i e w ,  C a l i f o r n i a  

March 3 1 ,  1 9 7 2  
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APPENDIX 

DEFINITIONS OF STATISTICAL FUNCTIONS 

The d e f i n i t i o n s  and methods f o r  a c q u i s i t i o n  of t h e  s t a t i s t i ca l  func- 
t i o n s  used t o  d e s c r i b e  t h e  p r o p e r t i e s  of random p r e s s ~ r e  f l u c t u a t i o n s  are 
summarized below: 

The power- and c r o s s - s p e c t r a l  d e n s i t i e s  i n  t h e  frequency range  from 
1 0  Hz t o  20  kHz w e r e  ob ta ined  by a hybrid a n a l o g - d i g i t a l  computing p rocess  
( r e f .  9 )  f o r  a t o t a l  of 1 0 6  f requency p o i n t s  pe r  spectrum measurement. They 
are de f ined  as fol lows:  

( a )  Power-spectral-densi ty  f u n c t i o n  

Gx(f )  = l i m  - p i  ( t ;  f , Af)d t  
A f + o  (Af) ; i ;  

where p x ( t )  deno tes  t i m e  h i s t o r y  r eco rd  of p r e s s u r e  f l u c t u a t i o n s  measured 
a t  l o c a t i o n  5 ;  and p ( t ; f , A f )  i s  t h a t  p o r t i o n  of p ( t )  i n  a frequency 
range from f - Af/2 t o  f + Af/2. 

(b )  Cross - spec t r a l -dens i ty  func t ion  
- 

G ( 5 , f )  = C ( 5 , f )  - jQ(g,f)  

where - 5 
The c o s p e c t r a l  d e n s i t y  C and quadspec t r a l  d e n s i t y  Q are de f ined  as  

i s  t h e  p o s i t i o n  vec to r  between t h e  p o i n t s  of  t h e  c o r r e l a t i o n .  

and 

where ~ : + ~ ( t ; f , A f )  d eno te s  a 90° phase s h i f t  from P ,+c ( t ; f ,Af ) .  

4 2  



The component of t h e  power spectrum of one p r e s s u r e  s i g n a l  t h a t  i s  
c o r r e l a t e d  t o  a second s i g n a l  can  be d e p i c t e d  by t h e  coherence f u n c t i o n  . 

and t h e  phase ang le  i s  g iven  by 

I 
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TABLE I 

DATA FOR VARIOUS WING MODELS 

v = 1.5~10-~ m 2 / s e c  ( 1 . 6 ~ 1 0 ~ ~  f t2/sec)  u n l e s s  o the rwise  stated. 

Owl  : Darwinian 
c = 0.013 m (0.42 f t ) ;  2ytae /c = 0.0012 

Vo = 6 . 1  m / s e c  (20 f t / s e c )  (assumed f l i g h t  speed)  

R e  = 5.2X104 

S e r r a t i o n :  T i p  spac ing:  16/cm (41 / in ) :  Height :  0.28 c m  ( 0 . 1 1  i n )  

NACA 0012 Wing T e s t :  Hersh and Hayden ( r e f .  4) 
c = 0.152 m (0.5 f t ) ;  2yt.e. /c = 0.00917 

vO 
m/sec f t/sec R e  S, + AS* - 

7.62 25 8 . 3 3 ~ 1 0 ~  5.00 40 .50  

18.3 60 2.00~10 6.67 40.67 
30.5 100 3.33~10 8.00 - + 0.80 

NACA 0012 P r o p e l l e r  T e s t :  Hersh and Hayden ( r e f .  4 )  
c = 0 , 0 5 0 8  m (0 .167 f t ) ;  2ytme./c = 0.02750 

vO 
RPM - m/sec f t / s e c  - R e  S LAS 

31.7 104 1 . 1 6 ~ 1 0 ~  6.41 20.64 2000 
59.8 196 2.18~10 6.80 40.68 4000 

Hydrofo i l  T e s t :  P r e s e n t  Study 
c = 0.3048 m (1 f t ) ;  2ytae./c = 0.00324 

Vo = 0.0762 m / s e c  (0.25 f t / s e c )  

v = 0.093~10-~ m2/sec ( o . l O ~ l O - ~  f t 2 / s e c )  

R e  = 2 . 5 ~ 1 0 ~  

*S is  t h e  c e n t e r  f requency o f  t h e  1/3 octave band frequency a n a l y z e r ,  and 
AS is  t h e  p o s s i b l e  approximate spread  w i t h i n  t h a t  band. 
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TABLE I (CONC.) 

NACA 63-009 Wing Test: Present Study 
c = 0.9144 m (3 ft); 2ytee./c = 0.000555 

vo 
5 - Re - m / s e c  f t/sec 

20.4 67.5 1.2X1O6 302 
28.6 94 1.75~10~ 342 
40.5 133 2.45x10 406 
57.4 188 3 . 5 0 ~ 1 0 ~  
81.2 266 4 . 9 ~ 1 0 ~  

103.4 339 7.6OxlO 
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x/c 

0 

0 . 0 0 1  

.002  

. 0 0 3  

.004  

. 0 0 5  

.006  

.007  

. 0 0 7 5  

.009  

. O l O  

. 0 1 2 5  

. 0 2 5  

. 0 50 

. 0 7 5  

. l o o  

. 150  

.200 

. 250  

. 3 0 0  

. 3 5 0  

.400  

. 4 5 0  

- 5 0 0  

. 5 5 0  

.600  

. 6 5 0  

. 7 0 0  

. 7 5 0  

. 8 0 0  

.850  

. g o o  

. 9 5 0  

1 . 0 0 0  

- 

TABLE I1 

NACA 63-009 PROFILE CHARACTERISTICS 
r /c = 0 . 0 0 6 3 1  1.e. 

Y / C  - 
0 

0 . 0 0 3 6 5  

.00490  

. 0 0 5 9 1  

- 0 0 6 7 4  

.00749  

.00812  

.00872  

.00906  

.00986 

- 0 1 0 3 7  

. 0 1 1 5 1  

.01582  

.02196  

. 0 2 6 5 5  

.03024  

- 0 3 5 9 1  

.03997 

. 0 4 2 7 5  
- 0 4 4 4 2  

.04500  

.04447 

.04296  

.04056  

.03739  

.03358  

- 0 2 9 2 8  

.02458  

.01966  

. 0 1 4 7 1  

.00990  

.00550  

- 0 0 1 9 6  

.00056 

v€/vO 

0 

0 . 5 7 8  

. 7 3 2  

.844  

.902  

. 9 4 1  

.972  

. 9 9 2  

1 * 0 0 1  

I. 012 

1 . 0 1 6  

1 . 0 2 5  

1 . 0 6 3  

1 . 0 8 6  

1 . 0 9 8  

1 . 1 0 5  

1 . 1 1 4  

1 . 1 2 0  

1 . 1 2 4  

1 . 1 2 6  

1 . 1 2 5  

1 . 1 2 0  

1,111 

1 . 0 9 9  

1 . 0 8 4  

1 . 0 6 8  

1 . 0 5 1  

1 . 0 3 2  

1 . 0 1 2  

.994  

. 9 7 1  

.950  

. 9 3 2  

. 9 1 5  

va/vO 

3 .058  

2 .787  

2 .496  

2 .242  

2 .033  

1 . 8 8 9  

1 . 7 7 8  

1 . 6 8 6  

1 . 6 4 7  

1 .543 

1 . 4 8 0  

1 . 3 3 9  

. 9 6 1  

.689  

.560  

. 4 8 4  

.386  

- 3 2 4  

, 2 8 1  

. 2 4 8  

, 2 2 0  

.196  

. 1 7 5  

.156 

- 1 4 0  

.124  

. l o 9  

. 0 9 5  

- 0 8 2  

.069  

.057  

.044  

.030  

0 

B (rad.) 

1 . 5 7 1  

1 . 0 5 0  

.87  

7 5  

.67  

. 6 1  

* 57 

.54  

. 5 2 5  

.485 

. 4 6 5  
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TABLE I11 

HYDROFOIL PROFILE CHARACTER1 S T I C S  
r /c = 0.00667 1.e. 

x/c - 
0 

0.001 

a 002 

.003 

.005 

.0075 

.0125 

-025 

.050 

.075 

I100 

-150 

.200 

.250 

.300 

.400 

.500 

.600 

.700 

.800 

.goo 

.950 

1.000 

Y / C  - 
0 
- 
- 
- 
- 
- 

0.01041 

.01250 

.01625 

-01908 

.02087 

.02446 

.02804 

.02988 

.03208 

.03333 

-03296 

.02979 

.02500 

.01846 

.01083 

.00700 

.00162 

- v€/vO 

0 
- 
- 
- 

0.898 

0.969 

1.041 

1.105 

1.137 

1.144 

1.144 

1.138 

1.128 

1.119 

1.107 

1.084 

1.061 

1.038 

1.014 

0.990 

0.965 

0.952 

0.938 

- V P O  

2.952 
- 
- 
- 

1.795 

1.592 

1.357 

0.988 

.7 24 

-583 

.500 

.430 

.359 

.309 

.269 

.212 

.169 

.135 

-106 

.078 

.051 

-022 

0 
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TABLE IV 

CALCULATION OF INSTABILITY 
NACA 63-009; CL = 0.72 

F i r  st Bubble Posit i o n  

ids .  
v c  - 

-0.5 

-0.4 

-0.3 

-0.2 

-0.15 

-0.1 

-0.05 

0 

+0.05 

+0.25 

+O. 5 

+0.75 

+1.0 
+l. 5 

Ax/c 

- 
-0.00440 

-0.00352 

-0.00272 

-0.00192 

-0.00123 

-0.00088 

-0.00044 

0 

+O. 00044 

+o (. 00220 

+O. 00440 

+O. 00660 

+O 00880 

+0.01320 

Vs/Vo = 0.9 (2.583 ) = 2.325 

xS/c = 0.0046 

X,/C = 0.0090 

@, = 0.631 

f3, = 0.485 

X/C 

0.00020 

0.00108 

0.00196 

0.00284 

0.00328 

0.00372 

0.00416 

0.00460 

0.00504 

0.00680 

0.00900 

0.01120 

0.01340 

0.01780 

2.401 

2.580 

2.530 

2.463 

2.428 

2.391 

2.360 

2.325 

2.300 

2.215 

2.125 

2.040 

1.953 
-- 

-0.21 

-0.33 

-0.48 

-0.68 

-0.82 

-1.05 

-1,27 

-1.54 

-1.75 

+O. 68 

+3.70 

+O. 68 

-1.54 
-- 

AvU - 
- 

-0.015 

-0.024 

-0.035 

-0.050 

-0 - 060 

-0.077 

-0.093 

-0.112 

-0.128 

+O. 050 

+O. 270 

+O. 050 

-0.112 
-- 

- AvU 
% - 

-.036 

-. 062 

-. 089 

-.123 

-. 146 

-. 184 

-.219 

-. 260 

-. 294 

+.111 
+. 574 

+. 102 

-.219 
-- 

e). 
2.365 

2.518 

2.441 

2.340 

2.282 

2 I 207 

2.141 

2.065 

2.006 

2.326 

2.699 

2.142 

1.734 
-- 
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TABLE V 

CALCULATION OF INSTABILITY 
NACA 63-009; CL = 0.72 

Second B u b b l e  Position 
Vs/Vo = 0.9(2,520) = 2.268 

xS/c = 0.00342 

xt/c = 0.00550 

@, = 0.708 

@, = 0.590 

- A = <$ - 2) = 0.00416 
C 

@' = 0.056 h _ =  @ s  - 
h 2 

- 
-0.5 
-0.4 
-0.3 
-0.2 
-0.15 
-0.10 
-0.05 
0 

+0.05 
+O. 25 
+O. 50 
+0.75 
+l. 00 
+l. 50 

Ax/c 
- 

-0.00208 
-0.00166 
-0.00125 
-0.00083 
-0.00062 
-0.00042 
-0.00021 

0 
+o. 00021 
+O. 00104 
+O (. 00208 
+O. 00312 

+0.00624 
+O. 00416 

x/c 
- 

0.00134 
0.00176 
0.00217 
0.00258 
0.00279 
0.00300 
0.00321 
0.00342 
0.00363 
0.00446 
0.00 550 
0.00654 
0.00758 
0.00966 

_. 

2.572 
2.547 
2.517 
2.484 
2.469 
2.452 
2.435 
2.417 
2.398 
2.335 
2.275 
2.225 
2.182 
2.099 

av, (t) 
-0.21 
-0.33 
-0.48 
-0.68 
-0.82 
-1.05 
-1.27 
-1.54 
-1.75 
+O. 68 
+3.70 
+O. 68 
-1.54 
-0.21 

- 
-0.012 
-0.018 
-0.027 
-0.038 
-0.046 
-0.059 
-0.071 
-0.086 
-0.098 
+O. 038 
+O. 207 
+O. 038 
-0.086 
-0.012 

- 
- 

-0.031 
-0.046 
-0.068 
-0.094 
-0.114 
-0.145 
-0.173 
-0.210 
-0.235 
+O. 089 
+0.471 
+0.085 
-0.186 
-0.025 

2.541 
2.501 
2.449 
2.390 
2.355 
2.307 
2.262 
2.207 
2.163 
2.424 
2.746 
2.310 
1.996 
2.074 
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TABLE VI 

CALCULATION OF INSTABILITY 
NACA 63-009; CL = 0.72 

Thi rd  Bubble P o s i t i o n  
Vs/Vo = 0.9(2.560) = 2.304 

xs/c = 0.00300 /3 = 0.750 

X,/C = 0.00380 f3 = 0.680 

nx/c 
v c  - 

-1.0 
-0.7 
-0.5 
-0.4 
-0.3 
-0.2 
-0.15 
-0.10 
-0.05 
0 

+0.05 
+O. 25 
+O. 50 
+0.75 
+l. 00 
+l. 50 

- =  A 0.00160 

h - 9 s  - @t 
C 

-I = 0.035 A -  

Ax/c 

- 
-0.00160 
-0.00112 
-0.00080 
-0.00064 
-0.00048 
-0.00032 
-0.00024 
-0.00016 
-0.00008 

0 
+O. 00008 
+O. 00040 
+O. 00080 
+o. 00120 
+O. 00160 
+O. 00240 

L 

X L C  

- 
0.00140 
0.00188 
0.00220 
0.00236 
0.00252 
0.00268 
0.00276 
0.00284 
0.00292 
0.00300 
0.00308 
0.00340 
0.00380 
0.00420 
0.00460 
0.00540 

2.569 
2.536 
2.512 
2.500 
2.489 
2.476 
2.469 
2.463 
2.459 
2.453 
2.446 
2.418 
2.384 
2.354 
2.325 
2.280 

av, pi 
"U 

-0.13 
-0.17 
-0.21 
-0.33 
-0.48 
-0.68 
-0.82 
-1.05 
-1.27 
-1.54 
-1.75 
+O. 68 
+3.70 
+O. 68 
-1.54 
-0.21 

- AvU 
vo - 

-0.005 
-0.006 
-0.007 
-0.012 
-0.017 
-0.024 
-0.029 
-0.037 
-0.044 
-0 (. 054 
-0.061 
+0.024 
+O. 130 
+O. 024 
-0.054 
-0.007 

- 
vo - 

-0.013 
-0.015 
-0.018 
-0.030 
-0.042 
-0.059 
-0.072 
-0 m 091 
-0.108 
-0.132 
-0 e 149 
+0,058 
+O. 310 
+0.056 
-0 a 125 
-0.016 

2.556 
2.521 
2.494 
2.470 
2.447 
2.417 
2.397 
2,372 
2.351 
2.321 
2.297 
2.476 
2 694 
2.410 
2.200 
2.264 
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TABLE VI1 

CALCULATION OF INSTABILITY 
NACA 63-009; CL = 0.72 

Four th  Bubble Position 
Vs/Vo = 0.9(2.572) = 2.315 

- 
-1.0 
-0.7 
-0.5 
-0.4 
-0.3 
-0.2 
-0.15 
-0.10 
-0.05 
0 

+O. 05 
+0.25 
+O. 50 
+0.75 
+l. 00 
+l. 50 
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xs/c = 0.00298 

x , / c  = 0.00370 

A - 0.00144 - -  
C 

k -  A - 0.032 

Ax/c 
- 

-0.00144 
-0.00101 
-0.00072 
-0.000 60 
-0.0043 
-0.0029 
-0.0022 
-0.0014 
-0.0007 

0 
+O. 0007 
+O. 0036 
+O. 0070 

+O. 0144 
+O. 0108 

+O. 0216 

x / c  

- 
0.00154 
0.00197 
0.00228 
0.00242 
0.00256 
0.00270 
0.00277 
0.00284 
0.00291 
0.00298 
0.00305 
0.00334 
0.00370 
0.00406 
0.00442 
0.00514 

B = 0.750 

@ = 0.686 

- 
vO - 
2.562 
2.528 
2.505 
2.498 
2.484 
2.472 
2.469 
2.463 
2.459 
2.455 
2.450 
2.425 
2.392 
2.363 
2.339 
2.296 

avU (g) 
vO 

-0.13 
-0.17 
-0.21 
-0.33 
-0.48 
-0.68 
-0.82 
-1.05 
-1.27 
-1.54 
-1.75 
+O. 68 
+3.70 
+O. 68 
-1.54 
-0.21 

- 
- 

-0.004 
-0.005 
-0.007 
-0.011 
-0.015 
-0.022 
-0.026 
-0.034 
-0.041 
-0.049 
-0.056 
+o. 022 
+0.118 
+0.022 
-0.049 
-0.007 

- AvU 
vO - 

-0.010 
-0.013 
-0.017 
-0.027 
-0.037 
-0.054 
-0.064 
-0.084 
-0.100 
-0.120 
-0.137 
+0.053 

+O. 052 
+O. 282 

-0.115 
-0.016 

2.552 
2.515 
2.488 
2.471 
2.447 
2.418 
2.405 
2.379 
2.359 
2.335 
2.313 
2.478 
2.674 
2.415 
2.224 
2.280 



Figure 1.- Wing installed in Ames 
7x10-Foot Wind Tunnel. 
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M - R e  - 
1.75X1O6 0.085 0 --- 

A ----- 5.8x1O6 -17 ,  ref.  7,  cc = 5.5 

C 
P 

I I I I I I I 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0,9 0 

x/c 

Figure 8.- Pressure d i s t r i b u t i o n  a t  40% span; bas i c  a i r f o i l ,  
a = 9.4O, c = 0.665. R 
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a = 90 

a = 120 

c1 = 14.1° 

Figure 9.- Suct ion side of a i r fo i l  with t u f t s ,  
Re = 3 . 5 ~ 1 0 ~ .  
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Figure 11.- E f f e c t s  of s e r r a t i o n s  on l i f t - d r a g  polar .  
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F i g u r e  15.- Pressure d i s t r i b u t i o n  a t  4 0 %  span ,  s u c t i o n  s i d e  of 
leading-ddge r e g i o n ;  basic a i r f o i l ,  u = 9 .4O1 

c = 0.67. R 

! 



- 1  

- (  

- 1  

--1 

C 
P 

- .  

- 4  

-1 

C 

1 

a C o n f i g u r a t i o n  
0 9.4 B a s i c  + B1-2 
X B3-2 

a 1 1 . 4  B a s i c  
0 11.4 B1-2 

I 
c 
I 
I 
I 
I 
-I 
a 
I 

B1-2 
3-2 P o a i t i o n s  of s e r r a t i o n  t i p s  

.005 .OlO .015 .020 .025 .030 .03 5 
x/c 

F i g u r e  1 6 . -  P r e s s u r e  d i s t r i b u t i o n  a t  40% span ,  lead inq-edge  r e g i o n ,  
w i t h  and wi thou t  s e r r a t i o n s ,  R e  = 1.75~10 . 67 



C P 

-7 

-6 

- 5  

-4  

-3 

c 
- L  

-1 

I I I 1 I 

R e  Geometry 
Basic 
B1-2 
B3-2 

Basic 
B1-2 
B3-2 P 

2 4 6 8 10 
a ,  deg. 

Figure  17.- C a t  x/c = 0.0083 ver sus  
ang le  of a t t a c k .  

P 

12 

68 



N 
I 

rc 
m 
a, 
tr a 

69 



Q) 
rl 
Q 
Q 

'i E! 

7 0  



0.0 

I I I 

\ 
I I I I 

B 
B a s i c  0 1.75X106 - \ 

\ d 3 . 5 X 1 O 6  - 

- Re - 0 C o n f i g u r a t i o n  - 

\ B2-8 0 1 . 7 5 ~ 1 0 ~  12.9 '  - 
3, '\, @ 1 . 7 5 ~ 1 0 ~  3 8 O  

d 3 . 5 ~ 1 0 ~  12.9 '  

0" 0.012 

21, 

-4 
c, 
Id 
& 

$ 0.008 
bl 
0 

W 

4 0.004 
x 

0 

F i g u r e  20.-  B u b b l e  separation and reattachment 
p o s i t i o n s  on NACA 63-009. 

0.032 

0 .028  

0.024 

0.020 

0.016 

0.012 

0.008 

0.004 

4 
c 

3 u 
Id 
4 
4 
Id a 
& 

& 
0 

u-l 

u 
\ x 

7 1  



B O N F - m m r l  I rl 

o a o a a a  

N 
rl 0 0 

u) m 
rl 

7 2  



I I I I I I I I I 
10 3 N 3 0 m * 0 

0 

d3 sm 

3 .1 

2 u 

0 N 

u) 3 

u \ 
x 

N 4 

m 
0 

9 0 

0 

73 



I I I I I I I 

W 
W (D 

o o w  W W 
0 4 4 0 0 0  
4 x  x 4 4 4  

x x  

4 4 N F ) W \ D  

N 

W 

4 

m 
-r 

3 

E 

E 

3 
u 
3 -  

9 
-I 

3 

u 
-I 

3 

u 
\ 
X 

W 
3 

3 

3 

3 

3 

a 
V 

7 4  



w w  
w o o w  (0 w 
o r l r l o o o  
r l x x r l r l r l  

a J x m l n x x x  S I N  t- * ln ul N . . . . . .  
r l r l N W * W  

O O O O O D  

I I I I I I I I 
N m rr 0 m -=r 0 W N 

rl rl 0 0 W N N N 

0 
d 

3 sm 

0 
N 

W 
r l  

N 
rl 

0 
\ 
X 

m 
0 

3 

75 



0.36 

0.32 

0.28 

0.24 

pc u 
0.20 

0.16 

0.12 

0.08 

0.04 

I I I I I 

\ \  a 

0 4  

0 9  

A 6.5  

Basic airfoil 
Serra t ion  B1-2 ---- - 

I 1 1 I I 
0 1 2 3 4 5 6 ~ 1 0 ~  

Reynolds Number 

F i g u r e  25.- R o o t  mean square C a t  x / c  = 0.0136 
P 

ver sus  Reynolds Number. 76 



0.24 

.20 

.16 

\ 
\ 
\ ‘, 

+ 
J”\ !Peak a t  0.41 

t 
/ 
i 

4 w 

I 
/ 
I 
I+ 
I 
I+ 
I 
I 
t 

0 .0083 B1-2 
.0136 

A .0189 
.0250 c 1 

/ 

0 I 1 I I I I I 
0 4 8 1 2  16 

a, deg. 

F i g u r e  26.- R o o t  mean square C v e r s u s  a n g l e  of a t t a c k ,  R e  = 1.75~10~. P 

7 1  



0.2( 

* 1; 

a u 

8 

. oa 

.04 

I 

0 

78 

I I I I I I I 

I 

/ 
I 

f 

I 
I 

x / c  Conf igu ra t ion  
0 0.0083 

0 .0136 

@, .0189 

.0250 

@ -0083  

e . I l l36 

1, .0189 

B a s i c  

I -  
1 

B1-2 

I I I 1 1 I I 
0 4 8 1 2  1 6  

a, deg. 

F igu re  27.- R o o t  mean squa re  C v e r s u s  a n g l e  of a t t a c k ,  R e  = 3 . 5 ~ 1 0 ~ .  
P 



0.16 

.12 

a 
V .08 

< 
A 

.04 

I 

I 

0 
0 

I I 1 1 1 1 1 

x/c Configuration 

0 0.0083 B a s i c  
- 0 .0136 

.0189 
0 .0250 
0 .0083 B1-2 

- e .0136 
A .0189 

.0250 

- 

- 

4 8 

a, deg. 
12 16 

Figure 28.- R o o t  mean square C versus  angle of a t tack,  R e  = 6 . 2 ~ 1 0 ~ .  
P 

79 



.0136 

.0189 

.025  

,780 

.E 96 

.270 

.291 

.230 

. l o 7  

I I I 

(b) Power spectra .  

( a )  Cp vs. t i m e .  

8 0  

Figure 29.- Pressure transducer s i g n a l s  and power spec t ra  on 
a i r f o i l  surface;  basic  a i r f o i l .  a = go, R e  = 1.22~10~. 



x/c C / c m  
Upper t r a c e  0.0083 0.680 
Lower t r a c e  .0136 - 6 5 4  

( a )  Cp vs .  time. 

P 

1 I I I 

x/c = 0.0083 I 

I I I I 
1 2 3 

Log, 0 ( fc /Vo:  

x/c = 0.0136: Trace t h a t  i s  lower on 
l e f t ,  higher on r i g h t  

x/c = 0.0189: Other t r a c e  

(b)  Power spec t ra .  

Figure 30.-  Pressure t ransducer  s i g n a l s  and power s p e c t r a  on 
a i r f o i l  sur face ;  bas ic  a i r f o i l ,  a = go, Re = 2 .45x106 .  



8 2  

x/c 

6.0083 

.0136 

.0189 

.025 

.035 

.050 

I I 1 

f i g u r e  31.- Power spec t r a  on a i r f o i l  surface;  
basic  a i r f o i l ,  R e  = 1.2~10'. 

i 2 3 

Log,,(fC/Vo) 

(b) u = 6.5O. 



-2 

-3 

- 0  
2 
Q 
\ 

x a - 4  
,e 
Y 

0 
.+ 
0 s 

- 5  

-6 - 

I I I 

0 a = 9  
x/c = 0.0136 

- R e  Configurat ion 
-- 1.2x106 Basic 

1 . 7 5 x 1 0 6  

2 . 4 5 ~ 1 0 ~  I --- 
2 . 4 5 ~ 1 0  B1-2 ------- 

\ \ a = go 

I I I 
0 1 2 3 

Logl ( fC /Vo)  

Figure 3 2  .- Power spec t r a  of sur face  pressure  f l u c t u a t i o n s .  

a3  



0. 

0. 

0. 

0 .  

I 
Re - 

1.2X1O6 __.)- --- 1 . 7 5 ~ 1 0 ~  
2.45X10 ----- 2 . 4 5 ~ 1 0 ~  

I 
Conf igura t ion  

-1 0 1 2 3 

Log, 0 ( f c / V o )  

1 6  

1 2  

8, 
rad. 8 

4 

0 

-4  

Figure  3 3 . -  Coherence, phase angle ,  and convect ion v e l o c i t y  
between x/c = 0.0083 and 0.0136. 

84 



L g  V i e w  i n  photograph 

/ 

Side  V i e w  Front  V i e w  

1. Hydrofoi l ,  suc t ion  s i d e ;  2 .  Bathtub; 3 .  Carr iage  frame; 4 .  Dye d ispenser ;  
5. Mirror; 6 .  Mirror support ;  7 .  Water sur face ;  8 .  P u l l  l i n e ;  9 .  Camera. 

( a )  Schematic of apparatus .  

(b)  Photograph of apparatus .  
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( a )  Roshko's model. 

(b)  Low R e  t ra i l ing-edge  model. 

Figure 3 6 . -  Vortex shedding from a b luf f  
body t r a i l i n g  edge. 

Figure 3 7 . -  Three leading-edge s e r r a t i o n s  t e s t e d .  
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Figure  47.- Front  view of NACA 66,-012 a i r f o i l  w i th  
s e r r a t i o n  a t t ached .  Surface flow v i s u a l i z a t i o n  

of leading-edge r eg ion  by Soderman ( r e f .  3 ) .  
S e r r a t i o n  t i p s  spaced 0.508 c m  ( 0 . 2  i n )  and 

pointed toward s u c t i o n  su r face .  
R e  = 2 . 3 ~ 1 0 ~ .  
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